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PILOCARPINE AND GASTRIC ANACIDITY | 
IN MONKEYS. | 


By JOHN H, FERGUSON, JOYCE McGAVRAN | 
anp ELIZABETH R. B. SMITH. 


(From the Laboratory of Physiology, Yale University School of Medicine.) 
(Received March 26, 1934.) noe 


THE present communication represents a continuation of the studies 
reported in the Proceedings of the Society for Experimental Biology and 
Medicine (Ferguson, 1932] in which it was noted that the injection of 
pilocarpine into the lateral brain ventricle of monkeys abolished the free 
acidity of the gastric contents, whenever the injection was given in 
relation to the test meal, Much larger doses subcutaneously were without 
this effect. The present series of experiments has again been performed 
on green monkeys (Cercopithecus ethiops sabeus Schwarz, or Lasiopyga 
callithriz Elliot) together with a few young rhesus monkeys (Macaca 
mulatta Flower, or Pithecus rhesus Elliot). The work owes its inception to 
an interest in the recent literature on “hypothalamic mechanisms” and 
the introduction by. Harvey Cushing [1932] of attempts to elicit 
specific autonomic effects by the method of intraventricular drug 
injections. As the use of monkeys for gastric secretion studies would 
seem to be a new departure we shall preface our experimental data with 
a brief account of the conditions ynder which the animals were kept and 


MANAGEMENT OF ANIMALS. 


The stock diet for monkeys in the department consists of raw fruit, 
vegetables, nuts, cooked rice, “chim-cracker” (containing mineral 


elements) and a cod-liver oil ration, with water ad lib. While the fluid 


portion of a meal leaves the stomach readily enough, the solid less digest- 
ible portions tend to remain behind, often for several days. These residues 
are apt to block the stomach tube. They cause a high resting chloride 
value (e.g. 50 m. eq. per litre) and a moderate degree of combined acidity 
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(free hydrochloric acid usually being absent) in the small amount of 
thick material occasionally aspirated as ‘“‘fasting contents.” Any signifi- 
cant réle of such food residues can be ruled out in our experiments, but 
special steps were usually taken to avoid uncertainty from this cause. 
The most satisfactory procedure consisted in a special dietary régime, 
the chief items being cooked potato, carrots, rice, dried milk, cod-liver 
oil and yeast cake. A preliminary washing out of the stomach with 
lukewarm water immediately before the test meal was a simpler expedient 
sometimes resorted to if the twenty-four hours’ routine fast before the 
experiment failed to eliminate food residues. 


TECHNIQUE. 


The animal was placed in a restraining box, and a rubber-protected 
mouth gag was used to facilitate the passage of the stomach tube (a gum 
elastic catheter). A test meal consisting of 100 c.c. of weak farina gruel 
was run in by gravity and 10c.c. samples were withdrawn at 10 or 
15 min. intervals for fractional gastric analysis. The acidity was deter- 
mined by titration with N/10 NaOH on filtered samples, which were 
subsequently used for chloride determinations. Routine data were 
collected under the following heads: (1) free HCl (Tépfer’s indicator), 
(2) total acidity (phenolphthalein indicator), (3) total chlorides (van 
Slyke method), (4) presence of starch (iodine test), (5) mucus (visible), 
(6) bile (naked eye), (7) blood (benzidine test), (8) emptying time of the 
stomach, (9) general condition of the animal and response to drug 
injections. 

FRACTIONAL GASTRIC ANALYSIS. 


I. Normal fractional analysis. The test meal itself was bland and 
contained no free acid and a mere trace of combined acid and of chlorides 
(0-6 m. eq. per litre). The gastric samples yielded the following data: 
(1) Free hydrochloric acid rose to a maximum of 12-6 m. eq. per litre in 
an average of twenty-three experiments on thirteen animals. Individual 
variations between 2:3 and 31-7 m. eq. were noted. The curve of the 

“acid tide” usually ascended steeply for }-# hour and then mounted 
more slowly, often receding somewhat after 1-1} hours. It will be 
noted that the acid tide in these herbivorous animals was low as com- 
pared with the carnivorous dog and omnivorous man. In practice, 
repeated tests were performed only on those animals which showed 
satisfactory normal curves. Struggling and associated psychic dis- 
turbances seemed to influence gastric acidity little, if at all, in our 
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experiments. (2) Total acidity ran parallel to the free acidity curve, 
unless there was some interference by food residues when it tended to 
run at an unduly elevated level. An average maximum in the above 
twenty-three experiments was 26-8 m. eq. per litre, with individual 
variations between 7:3 and 56-4 m. eq. per litre. (3) Total chlorides rose 
to @ maximum averaging 32-8 m. eq. per litre in eight experiments on 
five animals. Individual variations lay between 16-6 and 47-9 m. eq. per 
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Fig. 1. Fractional gastric analyses: green monkey, No. 26. (a) Fractional gastric analysis 
of farina gruel test meal. (6) Intraventricular pilocarpine injection (0-38 mg. per kg.) 
30 min. after test meal. (c) Intraventricular pilocarpine injection (0-17 mg. per kg., 
i.e. subliminal dose) 30 min. after test meal. 


x = Free acidity. © =Total acidity. =Total chlorides. 


litre. The maximum level was usually reached in about ? of an hour and 
was maintained until the end, or nearly the end, of the observation 
period. In a few cases a terminal rise to a point in the region of the 
“fasting level” (viz. 50 m. eq. per litre) was noted, and probably repre- 
sented a gastric secretion relatively free from dilution with meal residues. 
(4) Bile was observed, as a terminal appearance, in 25 p.c. of the twenty- 
three cases. Mucus was not infrequent, especially in the later stages of 
digestion. (5) The gastric emptying time was typically 14-1} hours, 
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‘alias from the cessation of samples rather than from the oversensitive 
iodine (starch) test. 

II, Control intraventricular injections of 0-6c.c, of sterile sodium 
chloride (0-85 p.c.) solution were made on three occasions without 
affecting the fractional analyses. 


Milli-equivalents per litre 
DALINE. 
ricula 


b 
Time-scale division = 5 minutes 
Fig. 2, Fractional gastric analyses: green monkey, No, 22. (a) Intraventricular saline 
(0-85 p.c.) injection (0-6 c.c.) 35 min. after test meal: control. (6) Intraventricular 
pilocarpine injection (1-25 mg. per kg.) just before test meal. (c) Subcutaneous pilo- 
carpine injection (5-6 mg. per kg., i.e. just subliminal dose) 15 min. after test meal. 
_ = Free acidity, © =Total acidity, =Total chlorides, 


IIL, injections... Barr were, deiled 


through the skull via a mid-line scalp incision at @ surgical operation _ 


preceding by several weeks the use of the monkey for gastric function 
tests. Pilocarpine HCl (Merck) was made up in sterile saline (0-85’p.c.) 
solution of such strength that about 0-5¢.c. was required for an in- 
jection. The solution was given with a syringe and needle into the lateral 
brain ventricle. A small quantity of cerebrospinal fluid was drawn up 
into the needle to afford proof of the ventricular. puncture, but it was not 
necessary with these small injections to aspirate o.s.F. before making the 
injection, Autopsy control has demonstrated the success with which the 
majority of our injections have been made. The effects of the drug by 
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the intraventricular route were: (1) Acidity. Complete anacidity resulted 
within 10-15 min. on twenty-five occasions in thirteen monkeys, whether _ 
the pilocarpine was given before or at varying times after the test meal. 
_The dosage was varied between 0-20 and 6-9 mg. per kg. of body weight. 
In seven of these cases doses ranging between 0-20 and 2-0 mg. per kg. 
- were employed (cf. intravenous injections). Non-abolition of free hydro- 
chloric acid occurred in only two cases (two monkeys) in which the 
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Fig. 3. Fractional gastric analyses: green monkey, No. 22. (a) Intravenous pilocarpine 
injection (1-6 mg. per kg., i.c. subliminal dose) 30 min. after test meal. (b) Intravenous 
pilocarpine injection (3-0 mg. per kg.) 40 min. after test meal. (c) Subcutaneous pilo- 
carpine injection (10-0 mg. per kg.) 30 min. after test meal. 

x = Free acidity. acidity. chlorides, 


respective doses were 0:17 and 0-20 mg. per kg.; the success of the 
injections was beyond a doubt. These results indicate a dose approxi- 
mately 0-20 mg. per kg. as the threshold for the anacidity effect by the 
intraventricular route. The effect persisted through @*subsequent meal. 
Total acid fell to a low level pari passu with the free acid. (2) Total — 
chlorides did not share in the pilocarpine effect, but reached a ‘normal ~ 
level averaging 32-9 m. eq. per litre in seven experiments (two monkeys), 
including five with associated anacidity and the two with subliminal 
doses of pilocarpine. (3) Salivation and mucus secretion occurred in all 
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experiments, but the latter was barely evident with threshold doses. 
(4) Bile was frequently found in the samples after the drug injecton, but 
in six cases there were one or more anacid samples before bile began to 
appear, and in five more no trace of bile could be seen in any of the anacid 
samples. (5) Blood was encountered only when there was obvious trauma 


either of the gums by the mouth gag or of the gastro-cesophageal mucosa 


LI 
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Time-scale division = 5 minutes 


Fig. 4. Fractional gastric analyses: green monkey, No. 27. (a) Normal test meal, except 
for food residues. (b) Subcutaneous histamine injection (0-17 mg. per kg.) 27 min. 
after test meal, producing hyperacidity which is. converted into anacidity in 10 min. 
following an intraventricular pilocarpine injection (0-7 mg. per kg.) given 30 min. later. 
(c) Subcutaneous atropine injection (2-0 mg. per kg.) 3 min. after meal antagonizing 
intraventricular pilocarpine injection (1-0 mg. per kg.) given 15 min. later. 


= Free acidity. © =Total acidity. =Total chlorides. 


by the stomach tube. The latter was often unavoidable owing to the 
cardiospasm which resulted, typically, from the effect of the drug on the 
motility functions. We obtained no evidence of spontaneous mucosal 
hemorrhage; by far the majority of samples gave a negative benzidine 
test. The same was true of the diarrhceal stools which were tested on a 
number of occasions. (6) The gastric emptying time was reduced to 
about 20-30 min. following the pilocarpine injection. (7) The general 


ond 
dy 
4 
a 
a 
OMG 
Rak Seem 
q 
4 
ta 
‘ha 
‘ 
5 
us 
¢ 
4 
hag > 


_ PILOCARPINE AND GASTRIC ANACIDITY. 7 
effects were described fully in the previous communication [Fer gusoi, 


1932]. They were marked with all but the smallest doses given into the 


cerebral ventricle. 

IV. Intravenous-pilocarpine injections. The sterile saline solutions of 
the drug were injected into the femoral vein at the groin. The effects were 
as follows: (1) Acidit} : Anacidity was produced in about 20 min. in four 
instances {two monkeys) with doses of 2-0-4-0 mg. per kg. No effect was 
observed in three instances > monkeys) with doses of 0-4, 1-6 and 


2 


Time-scale division =5 minutes 
Fig. 5. Fractional gastric analyses: rhesus monkey, No. 18. (a) Intraventricular pilo- 
- ¢arpine injection (0-6 mg. per kg.) 50 min. after test meal. (b) Second test meal, 
showing persistence of pilocarpine effect. (c) Intraventricular -pilocarpine injection 
(0-6 mg. per kg.) 20 min. after test meal antagonized within 12 min. by subcutaneous 
 Stropine injection (1-2 mg. per kg.) given 30 min later. 
| x = Free acidity. © =Total acidity. 


1-9 mg. per kg. respectively. The intravenous threshold dose for the 
anacidity effect would seem to be about 2-0 mg. per kg., 4.¢. approxi- 
mately ten times the intraventricular threshold. Total acidity values 
paralleled those for free acid. (2) Total chlorides in all eight of the above 
experiments showed normal curves with an average maximum of 27-8 m. 
eq. per litre. (3) Salivation, mucus secretion and bile appeared in the same 
relation to free acid as with the intraventricular injections. Thus, the 


appearance of bile was delayed in two of the anacidity cases and absent in — 


another. It was present in two of the experiments in which the free 
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hydrochloric acid persisted at a high level. (4) Blood was incidental and 
infrequently encountered. (5) Emptying times were speeded up to 30 min. 
after the injection of the drug. (6) The general effects, including pupillo- 
constriction, were mild owing to the small doses employed. 

Subcutaneous pilocarpine injections. The drug solutions were 
injected into the loose subcutaneous tissues of the axilla or groin, 
the following effects being noted: (1) Acidity: In nine cases (seven 
monkeys), anacidity was produced 1 in 10-20 min., the doses being large, 
viz. 6-5-17-1 mg. per kg. In six instances (six monkeys) doses of 2-3- 
6-3 mg. per kg. failed to lower the acidity curves. In a further excep- 
tional case, proved on autopsy to have a small chronic ulcer on the lesser 
curvature of the stomach, apparently in relation to previous mucosal 
traumatization by the stomach tube, 27-8 mg. per kg. failed to stem the 
acid tide. The subcutaneous threshold for the anacidity effect would 
seem to be about 6-5 mg. per kg. (2) Total chlorides remained up (24-5 m. 
eq. per litre on an average) in five of the anacid cases, as well as in two 
of the experiments with subliminal doses. (3) Bile was noted toward the 
end of the gastric emptying in all cases including those in which free 
acid persisted. (4) The general effects were pronounced, especially in the 
anacid group, due undoubtedly to the larger doses of pilocarpine used. 
The animals were prostrated and showed excessive salivation, mucus 
secretion, hyperperistalsis (with retching), pupillo-constriction, etc. 


Discussion. 


. Whatever the nature of the suppression of gastric acidity, the 

threshold data prove conclusively that the pilocarpine effect is produced 
most readily by the intraventricular route. The anacidity is not im- 
mediately explicable on the basis of the pharmacologically established 
actions of the drug on secretion and peristalsis. The persistence of the 
chloride rise suggests at first glance a neutralization phenomenon, but the 
followmg arguments weigh heavily against this contention. The possible 
neutralizing agents at once suggested are (1) food residues, (2) swallowed 
saliva and mucus, and (3) regurgitated bile. The first may be dismissed — 
since it is easily obviated, and, moreover, abundant food residues may 
co-exist with free acid and tend to raise, rather than lower, combined 
_ acidity. The second factor is ruled out by the persistence of acid after 
moderately large doses subcutarféously (which have a powerful secreta- 
gogue effect) and, further, by the very slight salivation and mucus 
secretion in the anacidity cases produced by the threshold doses of 
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pilocarpine by the intraventricular and intravenous routes. The case for 
duodenal regurgitation of alkaline bile is somewhat stronger in view of 
the assertion of Boldyreff [1914] and others that this constitutes a 
normal mechanism for controlling gastric acidity, a contention which 
has its opponents [e.9. Shay, Katz and Schloss, 1932]. A careful 
analysis of our data proves that (a) free acid may disappear without any 
appearance of bile, or (b) duodenal regurgitation may not be evident 
until after the anacidity is established, and a number of experiments 
show (c) that high free acidity is by no means incompatible with the 
presence of bile in very definite quantities. The impression is gained that 
bile tends to appear either in the terminal stages of gastric emptying 
_or when there is antiperistalsis due to retching and vomiting (which are 
well-known accompaniments of the stimulating action of pilocarpine 
on peristalsis). Gastric emptying per se should not cause the complete 
disappearance of free acid in the absence of admixture with a neutral- 
izing fluid. The administration of the drug (intraventricularly and intra- 
venously) before the test meal in several cases proved that liberal‘samples 
could be obtained for 4-—# of an hour without a trace of free acid appearing 
and sometimes with no bile, although the chlorides rose to their normal 
level. : 
That the anacidity caused by pilocarpine is a parasympathetic effect 
is borne out by the observation that it can be antagonized by atropine 
(given subcutaneously in doses of 0-5-3-0 mg. per kg.). The atropine has 
successfully neutralized the pilocarpine action (all routes) whether given 
before the onset of the effect or after the appearance of the anacidity, 
when free hydrochloric acid was once more caused to appear. In two 
cases the persistence of bile failed to prevent the return of the acid tide. 
Histamine in doses of 0-2-0-5 mg. per kg. subcutaneously, was often un- 
successful in counteracting the pilocarpine effect, but has succeeded 
after #—-1 hour when given in conjunction with an unsuccessful dose of 
atropine, or another test meal. On the other hand, even small doses of 
pilocarpine (intraventricularly) always abolished a previous histamine 
hyperacidity and substituted the usual anacid effect. No attempt has 
been made to evaluate the dosage problems connected with these drug 
antagonisms. 

In three animals studied to date, we have not succeeded by subdia- 
phragmatic vagotomy (apparently complete) in producing any lowering of 
the gastric acidity, nor have we been able to abolish the low threshold 
for the intraventricular pilocarpine effect. Further experimentation on 
vagotomized animals is in progress. 
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SuMMARY. 


Pilocarpine administered to ‘monkeys by various routes siete 
complete disappearance of free acidity in the gastric contents and a 
lowering of the total acidity without affecting the total chloride values. 
The threshold dosage for this effect seems to be approximately (a) 0-2 mg. 
per kg. via lateral cerebral ventricle, (6) 2-0 mg. per kg. intravenously, 
and (c) 6-5 mg. per kg. for the subcutaneous route. 

The data argue against any obvious connection with the known actions 
of the drug on secretion and peristalsis and the arguments against a 
neutralization process are outlined in the text. The ultimate mechanism 
is not elucidated, but it would seem clear that the intraventricular route 
is the most effective, and that the action is as powerful as, or more so, 
than the converse effect of histamine. It is antagonized a atropine in a 


manner that suggests a parasympathetic effect. 
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STUDIES ON THE PHYSIOLOGY OF THE THYREO- 
TROPIC HORMONE OF THE ANTERIOR PITUITARY. 


By EVELYN M. ANDERSON anp J. B. COLLIP. 
(Department of Biochemistry, McGill University, Montreal, Canada.) 
(Received April 4, 1984.) 


Tue close relationship between the anterior pituitary and the thyroid 
gland has been clearly demonstrated both experimentally and clinically. 
Cushing [1912] noted that in dogs there occurred a transient active 
hyperplasia of the thyroid 24 hours after complete hypophysectomy, 
which was ultimately succeeded by involution of the gland with an excess 
of colloid and a low epithelium. Allen [1920] reported an atrophy of the 
thyroid in tadpoles following removal of the anterior pituitary, which 
could be completely repaired by implanting pituitary from a frog. 
P. E. Smith [1927] performed a corresponding experiment in the rat — 
with similar results. 

On the clinical side it is known that in hypopituitary sedition 
patients tend to have subnormal metabolism. Graubner [1925] found 
in @ review of thirty-four cases of hypophyseal cachexia (Simmonds’ 
disease) reported in the literature up to 1924, that in all cases the thyroid 
was small and atrophic and sometimes even sclerotic. On the other hand, 
in acromegaly the metabolism is often high and the thyroid gland is so 
hyperplastic that it may be operated upon because of symptoms suggest- 
ing thyreotoxicosis. 

Hyperplasia of the thyroid gland has been produced by injections of 
anterior pituitary extracts in a number of laboratory animals such as the 
guinea-pig, cat, dog, rabbit, pigeon and duck [Loeb and Bassett, 1929; 
Aron, 1929; Krogh, Lindberg and: Okkels, 1932; Janssen and 
Loeser, 1931-2; Grab, 19820; Schittenhelm and Eisler, 1932; 
Houssay, Biasotti and Magdalena, 1932; Baumann and Marine, 
1932; Riddle and Polhemus 1931; Schockaert, 1932]. Three of these 
workers, Aron, Loeb and Schockaert, reported failure to produce 
such a condition in the rat by this means. In our early work, using crude 
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extracts of anterior pituitary combined with killed cultures of Staphy- 
lecoccus vaccine, we were able to produce a severe hyperplasia of the 
thyroid with hyperthyroidism in the rat. We have since obtained ex- 
tracts of the thyreotropic hormone of sufficiently high potency to cause 
hyperthyroidism in the rat without the simultaneous use of the Staphy- 
lococcus vaccine. | 

Signs of hyperthyroidism are associated with the hyperplasia of the 
thyroid thus produced. There is an increase in the metabolic rate 
[Siebert and Smith, 1930; Verzar and Wahl, 1931], increased heart 
rate [Schittenhelm and Eisler, 1932], exophthalmos [Schockaert, 
1932; Loeb and Friedmann, 1932], a reduction of the iodine content 
of the thyroid gland [Loeser, 1931-2; Schockaert and Foster, 1932], 
an increase in the alcohol insoluble iodine of the blood [Closs, Loeb and © 
MacKay, 1932; Grab, 19326; Schittenhelm and Hisler, 1932], a 
depletion of liver glycogen [Eitel and Loeser, 1932] and an increase in 
acetone bodies in the blood [Eitel, Léhr and Loeser, 1933]. It has 
been shown by Verzar and others that none of the signs of hyper- 
thyroidism following the injection of anterior pituitary extracts can be 
produced in thyroidectomized animals. 


A Benedict multiple chamber respiration apparatus, adapted _— 


rats and young guinea-pigs, has been used for measuring the energy 
metabolism [Benedict, 1930-1], Table I gives the metabolic rates, ex- 
pressed in litres of oxygen per square metre body surface per 24 hours, — 
of 601 normal white rats taken under resting conditions. In the first 
group the animals were fasted 17 hours before measuring the oxygen 
consumption. The basal metabolic rate was then taken with the animal at 
a temperature of 28° C., which is the critical temperature for the rat. 

It did not prove feasible to fast the animals before measuring the — 
oxygen consumption, for in many cases it was necessary to determine the 
metabolic rate daily. Furthermore, in cases of severe hyperthyroidism 
the animals could not tolerate fasting for any length of time. In the 
second group of animals in Table I the oxygen consumption has been 
measured without submitting the animal to a long period of fasting. 
Comparing the upper and lower sections of Table I, the difference in 0, 

consumption between the fasted animals and those not fasted is not 
_ striking. There are differences, however, according to sex and season. 
The males have a slightly higher rate than the females in the same weight 
group. During the cold months the rates are higher than during the 
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Taste I, te 


bod surface 24 hours 


From From 
30 to 49 g. 50 to 99 g. 100 to 149 g. 150 to 199 g. 


Male Female Male Female Male Female Male Female 
Metabolic rate after 17 hours’ fasting: 


Jan. — — 176 171 183 _ — 
(14) (18) (5) 
March — _ 156 — 170 161 173 164 
(26) (50) (14) (4) 
April 176 148 167 146 
(5) (38) (9) (48) 
Sept. 161 156 164 157 
(30) (35) (4) (25) 
Metabolic rate without fasting: 
(2) (5) 
Feb, 190 161 160 
(12) (24) (26) (71) 
(8) 
(4) (8) 


(5) ? (5) (4) 


The a consum for the total number of rats (601) is 166 1./sq. m. 


_warm months. The average value for the oxygen consumption of all the 


animals in Table I (601) is 1661. of O, per sq. m. body surface per 24 hours. 
This figure has been taken as the normal metabolism for the rats used. in 
this study, and the metabolic rates of the hypophysectomized and of the 
goitrous rats have been calculated as a percentage of this value. In the 


_ case of normal animals the oxygen consumption was measured in the pre- 


experimental period, and the metabolic rate has been expressed in per- 
centage of that value for the individual animal. 

Table II gives the oxygen consumption of normal prepubertal guinea- 
pigs, taken under resting conditions but without fasting. When the 
animals were kept in an environment at 31° C., which is the critical tem- 
perature for the guinea-pig, for one or two weeks before measuring the 
oxygen consumption, a greater uniformity of readings was obtained ; 
furthermore, the oxygen consumption was lower. | 
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Taste II. Metabolic rates of normal young guinea-pigs. 
l./sq. m. body surface per 24 hours 
| 90 to 150 g. 151t0 200g. 201to 250g. 251 to 300g. 
Temp. °C.’ Male Female Male Female Male Female Male Female 


Nov. 1824 145 152 157 156 «172 «6175 (162 
(20) (202) (12) (2%) 


(16) (10) (8) (22) (8) (8) 


(14) (9) @) (9) (4) (2) 
It will be noted that when the animals have been kept at a temperature of 31° C. for 
1-2 weeks previously the metabolic. rate is lowered. 


Effect of thyreotropic hormone on the metabolism of the guinea-pig. 
Since the guitiea-pig is exceedingly sensitive to the thyreotropic hormone, 
it was used in testing for the presence of the hormone in the earlier work 
of extraction. In a group of thirty-two prepubertal guinea-pigs, shown 


Taste III. Effect of thyreotropic hormone on the metabolism of the guineg-pig. 


Metabolic rate 
Be. of normal 
No.of Daily Body 100 of 
animals dose wt. g. . 4th day thyroid 
anterior pituitary 16 4 o.c. 154 129 134 Severe 
) contain- 
ing thyreotropic one 


Extracts of anterior pituitary 8 400. 231 14-9 107 113 Normal — 
free from thyreotropic 


Extract containing growth 2 152 155 108 101 Normal 


dike prin- 2 40000. 153 168 98 91 Normal 

pregnancy urine : | 

Controls (not injected) 166134107, 88S Normal 
hormone—which caused an average increase in metabolic rate to 129 p.c. 


thyroid glands in these animals after a week of injections were more than 
twice the weight of the controls and histologically showed severe hyper- 


mone, Q12 [Collip, Selye and Thomson, 1933] and APL, given for 


in Table III, sixteen received extracts containing the thyreotropic — 


by the 4th day of injection and 134 p.c. on the 6th to 8th day. The 


_ plasia such as is seen in the thyroid of Graves’ disease. The growth hor- _ 
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only a short period, had no effect on the metabolic rate or on the histo- 
au logical picture of the thyroid. With prolonged injections of APL it has 
: | heen shown by Collip, Selye, Thomson and Williamson [1933] that 
: an enlargement of the thyroid occurs in females, together with enlarge- 
ment of the ovary and pituitary gland. 
A study was made of the changes in metabolism followed from day to 
day in guinea-pigs injected with the thyreotropic hormone (Table IV). 


-‘Tanun IV. Daily changes in the metabolism of the guinea-pig during injections of thyreotropic hormone. 


| Metabolic rate (p.c. of normal) 
Daily Body | Days Th 
dose wt. ~ mg./l00g 
Animal .c g- 2 3 4 5 6 7 9 13 y wt 
ve Experimental ; Thyreotropic hormone, Extract H 
1219 100 131 124 131 148 114 19-3 
1237 2 157 124 114 144 . 142 142 1 133 135 14-6 
1220 4 147 9% 117 125 123 118 21-8 
| 1238 4 179 115 117 129 118 114 138 127 135 27-3 
1239 6 173 106 124 125 lll 116 165 118 118 
1221S 154 97 09 117 1 103 133 35-7 
| 1222 8 147 122 136 134 135 147 157 — — 26-5 
1232 8 167 121 128 136 121 134 167 128 — 49-6 
Av. 113 121 129 141 127 129-876 
Controls (not injected) | 
| Av. — 107 104 114 14-4 


Bs In a group of eight guinea-pigs receiving the extract, five showed an in- 
A: crease in metabolic rate by the second day. All the guinea-pigs showed 
__ @ preliminary rise sometime within 4 days, followed by a secondary rise, 
|. reaching a peak in about a week, and followed by a decline in meta- 
 bolism. This type of curve for the metabolic rate is seen also in the 


1s normal and hypophysectomized rats. It has beén shown by a number of 
| _ workers [Loeser, 1931-2; Grab, 19326; Schockaert and Foster, 
12 1932; Closs, Loeb and MacKay, 1932] that following the injection of 


the thyreotropic hormone there occurs an outpouring of thyroid secretion 
as indicated by a reduction of the iodine content of the thyroid gland 
and an increase in the alcohol insoluble iodine of the blood. Grab 
[19326] showed that the increase in blood iodine appeared immediately 
following the injection of thyreotropic hormone in the dog. We might 
postulate the first rise in metabolism to be due to the sudden discharge 
of existing stores of thyroid hormone into the blood stream, while the 
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second rise follows after hyperplasia of the thyroid has advanced sufli- 
ciently to give an increased production of its hormone. 

Effect of thyreotropic hormone upon the normal rat. With the use of a 
highly purified extract of the thyreotropic hormone an increase in meta- 
bolic rate can be obtained in the rat [Anderson and Collip, 1933). 
Table V represents a group of thirty-five animals which had received the 


Tasiz V. Effect of thyreotropic hormone on the metabolism of the adult rat. 


: Metabolic rate (p.c, of normal) 
Days 
dose No.of Age r A 
Extract .c, animals days 2 3 a 5 7 9 ll 
TG 0-25 3 — 133 139 ill 
1-0 3 105 94 93 92 
4-0 3 — 122 120 «#6127 (108 
0-16 4 - a 117 
0-16 2 — 114 9 — 
0-08 2 — 103 ll. — 
| 0-02 2 — 137 #138 — 
Controls 
ny 4 — 108 98 106 


thyreotropic hormone in varying doses. It will be seen that amounts of © 


extract as low as 0-16 c.c. a day have produced a significant rise in the 
metabolic rate of the rat. 

We have repeated our earlier work in which we obtained hyper- 
thyroidism in the rat by means of Staphylococcus vaccine in conjunction 
with crude extracts of anterior pituitary [Anderson, 1933], using the 


_ purified extracts of the hormone (Table VI). There occurred an increase ~ 
in the metabolic rate in both groups of rats receiving the hormone, but 


TaBie VI. The effect of thyreotropic hormone in conjunction with 
intraperitoneal injections of Staphylococcus aureus vaccine. 
Metabolic rate (p.c. of normal) 
Days 
No. of 
animals 6 10 
Extrect of thyreotropic hormone, 2 ¢-. ogg de 9 120 140 125 
. Extract of thyreotropic hormone, 2 c.c. daily 5 113 127 111° 


Staphylococcus aureus vaccine, 20 million in- 6 108 106 106 
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thesé effects wete tore pronotneed if the group teceiving Staphylococeus 
vaccine in addition to the hormone. There was no metabolic response to 
the Sraphylococcus vaetine alond. It would seem that the Staphylococous 


ih Way inereases the sensitivity of the animal to the 
| thyreotropic hormone. 

therapy with the thyreotropic hormone. In a series of 118 rats studied after 
hypophysectomy, it was found that the metabolic rate falls to an average 
of 74 p.c. of the normal (Table VII). The thyroid gland decreases in 


: Taztz VII. The metabolism of untreated hypophysectomized rats. 
No.ofdaysafter 10 18 15 #17 18 2 149 
hypoph 


P.c. of normal 705 790 740 763 740 710 3 735 700 645 
metabolism 


weight after hypophysectomy aiid the histological examination shows 
_matked involution of the cellular elements. 

~ The hypophysectomized animal is very sensitive to minute doses of 

the thyreotropic hormone. In Table VIII it is seen that the métabolic 

rate of the hypophysectomized animal can be brought back to normal 

with amounts of the purified extracts of the hormone as low as 0-01 c.c. 

a day. We have chosen as an arbitrary uit of the hormone thé least 


Taste VIII, Effect of thyreotropic hormone on the metabolism of the hypophyséctémized rat. 
ys Metabolic rate during the course of treatment (p.c. of normal) 
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amount of extract per day which will cause a rise of 20 p.c. in the meta- 
bolism of the hypophysectomized rat by the 4th day. We have found this 


method of assaying it more satisfactory than the method of Junkmann 


and Schoeller [1932]. In Table IX a number of extracts have been 
tested for potency in this way. 


Taste IX. Effect of small doses of thyreotropic hormone on the 
metabolism of the hypophysectomized rat. 


Metabolic rate (p.c. of normal) 
Days A 
efter Daily Before 
Animal operation Extract dosec.c. injection 4thday Difference 
1158VB 14 TGPB, 0-04 88 +20 
1101 YH-T 19 TG, 0-04 73 105 +32 
1101 YH 19 TG, 0-02 87 107°5 +27-5 
1101 PH 19 TG, 0-01 61 74 +13 
1102 PH 10 TG, 0-02 65-5 76-5 +11 
1102 PT 10 TG, 0-01 735 +18°5 
1120 VT 19 TGP, 0-04 75 785 + 35 
1120 VH-T 1 TGP, 0-02 5 + 75 
1120 YH l TGP, 0-01 755 85 + 95 
1114 YH 10 TGP, 0-04 73°5 89-5 +16 
24 BT 19 TGROB 0:04 71 93-5 + 22:5 
24 PH 19 TGROB 0-02 80 + 4 
12 YT 14 TGB 0-04 72 95 +23 
12 PH 14 TGB 0-02 97 +20 
14 YB-T 19 TGB 0-01 73 84-5 +115 
16 VH 14 TGB, 0°04 70°5 + 13-5 
16 VB 14 TGB, 0-02 71 75-5 + 45 
16 VT 14 TGB, 0-01 82 70 -12 


Prolonged treatment with thyreotropic hormone. It was seen in Tables 
IV and V that the elevated metabolic rate produced by the hormone is 
not maintained in spite of continued injections, that the peak is usually ~ 
reached in a week or 10 days and is followed by a decline. The results of 
treatment of a large group of normal rats over a long period of time are — 
shown in Table X. In 3 or 4 weeks the metabolic rate has returned to the 


Taste X. Prolonged treatment of normal rats with lange doses of thyreotropic hormone. 


ES Metabolic rate (p.c. of normal) 

Daily Days 

Days Extract cc € 2 8 6 

150 TG. — 14 — 12 — — —- —- 

71 TGB I 1068 — ©6108 «©6114 

71 TGPS 4 — 16 8 — 8 —-— — B38 — 61 TT 
GA 

105 ost — — 15 — — B — 
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normal level, and if the injections are continued the rate may fall 
to the level of the hypophysectomized dnimal. In Table X three rats, 
which received large doses of the extract TGPS, showed an average 
metabolic rate of 61 p.c. of the normal on the 37th day of injection. This 
is the level of metabolism which one finds in the hypophysectomized rat 
(Table VII). Histologically the thyroid at this stage resembles the thyroid 
of the hypophyséctomized rat. Increasing the dose of hormone to two 
or three times the original dose does not cause any rise over this low level, 
nor does transplantation of thyroid tissue from normal rats into the 
injected animals have any effect upon the metabolic rate. 

The serum from these resistant animals has been shown to contain 
a substance which has an inhibitory effect upon the action of the thy- 
reotropic hormone. The results of these findings have been reported 


previously [Collip and Anderson 1934; Anderson and Collip, 1934], 


so that only a brief summary will be given here. 
The antithyreotropic substance has been extracted from the serum of 
a horse which had been injected with thyreotropic hormone for a period 


_ of two months. This extract is capable not only of inhibiting the action 


of a dose of thyreotropic hormone in the normal rat which is five times 


. the minimum effective dose, but at the same time of inhibiting the 


thyreotropic hormone of the animal’s own pituitary by lowering the 
metabolic rate to the hypophysectomized level. 


Hypophysectomized rats which have been injected with the anti- — 


thyreotropic substance together with the thyreotropic hormone show 
hyperplastic changes in the thyroid gland without any rise in the meta- 


bolic rate. We have seen in several instances hyperplasia still present in 


the thyroid of rats on the 14th day of injection of thyreotropic hormone 
when the metabolic rate had returned to normal. Friedgood [1934] has 
reported similar observations in the guinea-pig. 

Animals which have received the thyreotropic hormone for one or 
two months until the metabolic rate is below normal are as sensitive to 
thyroxine as the normal rat. The pituitary glands of the resistant rats are 
lacking in thyreotropic hormone, although the growth hormone is still 


‘present. 


_ A group of thirty hypophysectomized rats have been injected with 
thyreotropic hormone over a long period of time (Table XI). The hypo- 
physectomized animal seems to develop a resistance to the thyreotropic 
hormone like the normal rat. After a month of injections the metabolic 
rate returns to the level of the untreated hypophysectomized rat. This 
is evidence that the antithyreotropic substance is not formed in the 
2—2 
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pituitary gland. If the injestions Of the ate stepped alter pro- 
longed treatiitht when the métabolic rate is Very low, a 


‘Glevation of thé fate Which to the level. 


Aniiials resistant té thyrévtiopié hormone miay still réspond te growth 
hormone. Seven hypophysectomised rats were givén thé thyrestiopic 


~ hormone for 65 days. During this time they had lost considerable weight: 


an increase in body Weight in 4 days, thé average increase being 10 pg. 

hormone and goitre. study has Beeh made 
of thé éffect of thyréottopie hormoné tpon the metabolism of 4 group 
of rate with spontaneous goitre Which Were firnishéd us by Dr ©. N. H. 


Long of the Geotge 8. Cox Medital Reseateh Institute, Philadelphia. 
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sectomized rate with thyreotropic hormone. ? 


The thyroid gland from one of the rats of this group which was sacrificed 
at the beginning of the experiment weighed 142 mg. The thyroid of a 
normal Wistar rat of the same body weight (180 g.) which was chosen 
for ¢omparison, weighed 20 mg. Histologically the goitrous thyroid 
showed severe hyperplasia. The average metabolic rate of the six goitrous 
tats was 91 p.c. of the normal.before the injections were given. Im- 
mediately following the thyreotropic hormone injections the metabolic 
rate roge yery steeply. One animal showed a 95 p.c. increase in 24 hours. 
During the 9 days of injections the metabolism rose to extraordinarily 
high leyels, the highest rate going to 262 p.c. of the normal. The animals 
showed definite signs of hyperthyroidism, e.g. irritability, weakness, 


exophthalmos and excessive sweating. An average loss of 20 p.c. in body 


during the course of treatment (p.c. of normal) * 

omitted from the 46th to the 6lst day. 
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Tanz XII. The influence of thyreotropic hormone upon rats with spontaneous goitre. 


Metabolic rate (p.c. of normal) 
Days 


205 216 191 
152 189 216 


(Dead on 10th 


day) 


9 10 12 15 29 mg. 


Autopsy 
Wt. of Wt. of 


316 — — 86 


Animals VH and YT @ere given po tassium 
metabolic rate rose from an a 


137 
152 
155 163 209 262 112 84 


da 
45 (Dead on 9th =} 


day) 


156 — — 181 


89 104 13 87 8 10 15 — ll — 


iodide, 10-20 mg. 
Tof 81 to 100 p.c. in 10 days. The addition of 
hormone. 


seem to influence the effect of the’ thyreotropic 


weight occurred during these 9 days. Within 5 days after stopping the 


injections of the one experimental rat which survived, the metabolism | 


was practically normal. 
Todine seemed to have only a slight effect on the metabolic rate of 


these goitrous rats. Two of the animals received 10-20 mg. potassium 


iodide daily for 10 days. During this time the rates rose from an average 
of 87 to 100 p.c. 

Preparation of thyreotropic hormone extracts. The presence of the 
thyreotropic principle can be detected in almost any simple extract of 
anterior pituitary glands if the very sensitive test object, the untreated 
hypophysectomized rat, is used. Loeser [1932] has described a method 
of preparing an active extract in the form of a dry powder. His process 
consists in extracting with aqueous ammonia glands dehydrated by 
acetone, and then removing proteins with trichloroacetic acid. The 
active principle is removed from the trichloroacetic acid filtrate by 
acetone. Alcohol and acetone are subsequently used as precipitating 


- reagents. Junkmann and Schoeller [1932] have reported on the 


chemical properties of their thyreotropic extracts. 

We have used the following method in preparing highly active and 
concentrated extracts of the thyreotropic hormone. The combined fil- 
trates obtained following the removal of the growth principle by treat- 
ment of the concentrate of the original extracts with Ca, (PO,), [Collip, 
Selye and Thomson, 1933] are concentrated at low temperature and 
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water and to the solution is added 2-5 volumes of absolute alcohol. The 
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to a volume such as is equal to one-half the volume of the 
original glands used. The solution is saturated with ammonium sulphate 
and the resultant precipitate is removed by filtration. The moist pre- 
cipitate is extracted on the paper with distilled water. The insoluble 
residue is discarded. This solution is saturated with ammonium sulphate 
and the precipitate is filtered off as before. It is extracted with distilled 


precipitate is removed by filtration and taken up in distilled water. 
Precipitation with 2-5 volumes of absolute alcohol is again carried out. 
A distilled water extract of this precipitate is very satisfactory for 
physiological work. Further purification can be carried out by repeated 
precipitation from 60 p.c. alcohol or 50 p.c. acetone. If this is done a 
great amount of the active principle passes into the filtrates along with 
the adrenotropic hormone. These filtrates are combined and from them 
very potent extracts containing both the thyreotropic and adrenotropic 
principles can be made [Collip, Anderson and Thomson, 1933]. | 
Such extracts, if sufficiently concentrated, can be separated by isoelectric 
precipitation into an almost pure adrenotropic fraction represented by 
the precipitate and a mixture still rich in both of these principles repre- 
sented by the filtrate. Of the desiccated thyreotropic extract 1 mg. has 
represented 200 units of the active principle. The yield in terms of units 
from the fresh glands is between 100 and 200 g. We have found the 
glands of cattle, pig and sheep to be excellent sources of potent extracts. 
We prefer, however, to use the anterior lobes of ox pituitary glands 
because of the low content of maturity principles in these glands. 


Taste XIII. The stability of thyreotropic hormone (tested upon hypophysectomized rats). 


tropic Metabolic rate (p.c. of normal) 
hormone Days 
dose 
0. 1 2 3 4 6 
Extract TGS 0-02 76 82 93 70 82 _-_ - 
0-02 76 80 80 81 91 
0-02 78 69 62 76 83 — 
001 83 86 90 91 
Extract TGS after 1 year 0-04 82 — 90 — 82 
(Kept in sterile ampoules in 002 #93 — 116 — = 86 
the refrigerator) 
2-00 92 — 82 88 82 — 87 
ExtrastTGP boiledjhour 200 7% —- 
in the cold. 
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The thyreatropic hormone seems to be completely stable if kept under 
aterile conditions at a low temperature. A sample of the hormone has been 
tested on the hypophysectomized rat after being kept for ene year in 
sterile ampoules in the refrigerator. Its ability to raise the metabolic 
rate of the hypophysectomized rat had not changed (Table XIII). 

The hormone is not, however, heat stable. We have found that if it 
is heated on a boiling water bath for 3 min. a part of the activity is lost; 
if it is heated for 2 hours all is lost. This is shown in Table XIII. We have 
found the thyreotropic hormone to be inactive when given by mouth. 
This was tested on young guinea-pigs which were fed amounts of the 
hormone 60 times the minimum effective dose by injection. There was 
no increase in om pate after 11 days. 


SUMMARY, 
Some of the physiological properties of the thyreotropic hormone have 
been reported. Hyperthyroidism, as indicated by an elevated metabolic 
tate, has been produced in the guinea-pig and the rat by means of puri- 


fied extracts of the hormone. 
___ The sensitivity of the rat to the hormone may he inoreased by the 


injection of Staphylococous aureus vaccine in conjunction with it. 
Following hypophysectomy atrophy of the thyroid gland occurs 
which is associated with a decrease in metabolism. The average metabolic 
tate of 118 hypophysectomized rats was 74 p.c, of the normal. This may 
be raised temporarily to the normal level with amounts of the purified 
thyreotropi¢ extract as lew as 0-02 0.0. a day. 
The effect of prolonged treatment of the normal rat with large doses 


‘ of thyreotropic hormone is a final lowering of the metabolic rate to the 


level of the hypophysectomized rat due to the production of an anti- 
thyreotropic substance. There is evidence that this substance is not 
formed by the pituitary gland, since the hypophysectomized rat develops 
a similar resistance to the hormone. 

A group of rats with goitre of unknown etiology, in which the meta- 
bolic rate was slightly below normal, was given thyreotropic hormone. 
Very severe hyperthyroidism was produced, associated with an increase 
in the metabolic rate, going as high as 262 Pc, of the normal in one 
instance, 


The method of preparation of a highly purified extract of the thyreo- 


trepic hormone has been described. This preparation has been found to 
be stable if kept in the refrigerator in sterile ampoules. It is not-active 
when administered by mouth. It is destroyéd by prolonged boiling. 
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A MAGNETIC BLOOD OXYGENATOR. 
By E. W. H. CRUICKSHANK. 


(From the Department of Physiology, Dalhousie University, « 
Halifax, N.S., Canada.) 


(Received April 23, 1934.) 
Many methods have been described for the reoxygenation of blood used 


in perfusion experiments. The chief disadvantages to be met in most 


methods are due to the fact that blood froths when agitated, that leaks 
both of blood and air or oxygen occur wherever there are rotating spindles 
and that a latge oxygenating surface in a moderately small space is 
difficult to obtain. In the method here described space is reduced to a 
minimum, no frothing occurs and there is not the slightest possibility of 
leaks, either of blood or oxygen, from the gas chamber. : 

The rotating hard rubber disc method of oxygenation first described 
by Hooker [1915] and utilized by many [Bayliss, Fee and Ogden, 
1928; Daly and Thorpe, 1933] is open to the objection that the blood is 
thrown centrifugally to the sides of the gas chamber down which it flows 
in a film or in streaks depending upon the rate of inflow. Under such 
conditions frothing and leaks around a rotating pulley-bearing spindle are 
inevitable. To obtain an oxygenator of moderate size‘ with a large oxy- 
genating surface and without the possibility of leaks the idea of rotating 
magnetically a film-bearing surface was elaborated. The apparatus as 
described has been evolved as the result of numerous experiments upon 


magnetic power, Beanie and size and shape of the rotating oxygenating 
surface. 


Description of parts. The gas chamber, Fig. 1, is made of glass with 
outlets for blood and oxygen: itis 12 x 9 x +4 in. thick, and is closed at the 
‘Magnetic end by a plate of aluminium ,;, in. thick, at the other end by a 
strong cast iron plate embossed at the centre. This plate, which is 
attached to the gas chamber by six butterfly nuts, carries, shrunk into 
its embossed centre, the 1} in. diameter nickel-plated brass tube which 
forms an axle for the rotating surface and is also the inlet for both blood 
and oxygen. 
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_ tions of which the edge of the spiral surface fits as shown in Fig. 1. 
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The oxygenating surface. This consists of a matt nickel-plated sheet of 
hard drawn copper, 12 x 96 in. and 0-018 in. thick, rolled into a spiral form 


having a space of {-,', in. between the various turns. The spiral drum is 


Drom plate ermeture outlet on axle tube —_— 


Fig. 1. Section of oxygenator showing details of the magnetic drive; the spiral drum, the 
central axle tube and levelling device. 


closed at both ends by suitably indented copper plates, into the indenta- 


The bearings. Attached to the centre of each end plate are ball 
bearings allowing free rotation of the oxygenating drum upon the central 
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axle tube (Fig, 1). The ball bearing at the magnetic end of the machine is 
one of the eagential features of the oxygenator. A detailed and enlarged 


drawing (Fig. 2) of this bearing indicates the principles inyelved. This — 


bearing is a } in. combination ball bearing which here acts as a thrust 
bearing, The outer case of the bearing is fixed to the mild steel armature 


ad = 


Fig. 2. Details of magnetic end thrust bearing. 


and to the end plate of the revolving drum. In order that magnetic 
traction will bring the armature accurately to within J, in. from the 
aluminium plate of the gas chamber, an anchor pin is serewed firmly into 
the end of the axle tube. This anchor pin fits accurately through the 
centre of the thrust bearing and thus, holding the bearing firmly, allows 
free rotation of the mild steel armature with the attached oxygenating 
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putface ot divi. The othet ball beatiig fits accutatély of the axle 
tube. 

The (Fig. 1). This acts a8 & double horséshoe inagnet. The 
central pole, upon Which the two otiter poles rotate, is fixed to the fraitie- 
work of the machine aiid to the alutiinitiia etd plate of the gas chamber. 
The winding consists of some 10 Ib. of No. 16B and 8 enamelled copper 
wire; the number of turns is 2736; the resistance is 5 ohms and the current 
drawn is 2-4 amp. at 12 volts, The outer poles of the magnet are rotated 
by motor (110 volts : 1100 r.p.m.) with a 14 to 1 reducing gear 
and a chain drive; this last is essential for steady movement of the drum. 


The magnetic drag is obtained by placing a ;4, in. bat of mild steel di- 


agonally across the face of the drum. The rate of rotation of the drum is 
10 r.p.m, 
The circulating systems. (1) The blood. Blood enters the oxygenator 
by the tube, centrally placed within thé axle, which leads it to the centre 
of the oxygenator, where by means of gates shown in Fig. 1 it is distri- 
buted equally to right and left along the axle. Small holes 4-4 in. 
diameter allow the blood to fall on to the first turn of the spiral, a distance 
of $-1 in., depending upon the position of the drum. The amount of 
blood in the oxygenator depends upon the number of turns of the film- 
bearing surface. Here the sheet of copper (12 x 96 in.) has a surface area 
of 1152 sq. in. and has six turns. The gas chamber, which is 83 x 12 in., is 
capable af taking a spiral, 12 x 120 in., which would give with seven turns 
aii Oxygenating surface of 1440 sq. in. The space between each turn is 
approximately #, in. With a rotation rate of the oxygenator drum of 10 
per minute, @ perfusion rate of 84 beats per minute, a stroke volume of - 
3-50, giving an input of 294 ¢.c. of blood per minute, the amount of . 
blood in the oxygenator is approximately 176 c.c. (1.e. 29-4 ¢.c. per turn 
x 6). With a stroke volume of 5 c.c., rotation and pulse rates being un- 
changed, the amount of blood in the oxygenator is 252 c.c., the inflow and 


_ outflow being 420 o.c. per minute. Efficient oxygenation of blood, 70 p.c. 


oxygen saturation, is secured with a stroke volume of 8 e.c. giving an 
inflow of 672 c.c. per minute and approximately 400 c.c. of blood in the 
drum. With an inflow of the blood amounting to 50 c.c. per revolution of 
the drum @ film spreads quickly over the area of the first turn, the blood 
passes déwn through the spiral covering an incteasingly larger aréa per 
tien of the drutii. With sinallér ainounts of blood coinplete film is not 
obtained &t the end of the oxygenating surface, but with 50 and 70 o.0. of 
blood pét turn No streaks of blood aré to be seen at the exit of the drum. 
Thé athouit of blood that can be drained off, after turning out all blood 
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lying in each of the several turns of the drum, depends upon the total 
amount of blood in the drum. With 300 c.c. in the drum, that is with a 
stroke volume of 6 and 50c.c. added per revolution of the drum, the 
amount that can be drained off is approximately 30.c.; with a film 
area of 7500 sq. om., this would give a film approximating 0-4 mm. in 


H,S0, 29% 


Blood to the tissue 3 
Fig. 3. Diagram showing arrangements for the circulation of blood and oxygen. 


= Blood circulating system. circulating system. 


The rate of flow of blood is determined by the height of the arterial 


reservoir which receives the blood from the oxygenator. It should be 
noted that it is unnecessary to maintain a constant volume of blood in the 
oxygenator when determinations of oxygen utilization are being made, 
since all air spaces in the oxygenator, blood reservoirs and spirometer are 
in free communication (Fig. 3). The passage of oxygen from the oxygenator 
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A MAGNETIC BLOOD OXYGENATOR. 


4 to the arterial reservoir effects no change in the level of the spirometer 
bell. 

(2) Oxygen. Oxygen enters by way of the central axle tube and is 
circulated through the whole length of the spiral drum and a CO, 
moisture-absorbing system by means of a Crowell rotary blower. The 
. accurate determination of oxygen utilization demands the maintenance ~ 
4 ~ of a constant temperature in the oxygenating as well as in the circulatory 
systems. Both are maintained at the same temperature by Jung 
thermostats; the arterial and venous reservoirs and all pumps are in the 
same water bath, while the oxygenator is completely enclosed in a suitable 
case. The temperature of the air in the spirometer bell is also noted by a 
thermometer reading to 0-10° C. 3 
z= The arrangement for use with perfused organs is seen in Fig. 3, which . 
is: is self-explanatory. The output of pumps P, and P, are kept constant. 

? The rate of perfusion through the tissue need not be so high as that 
through the oxygenator. With a tissue perfusion rate of 300 c.c. a flow of 
600 ¢.c. per min. can be maintained through the oxygenator by means of 
pump P,, thus ensuring a very efficient oxygenation of the blood. The 
following table indicates the degree of oxygenation of blood obtained by 
this method, the rate of rotation of the drum being 10 r.p.m. and the 


pulse rate 84 beats per minute. 
oo Se Blood in P.c. saturation of blood 
Stroke Blood oxygenator A 
in ¢.c. c.c./min. In Out 
3-0 252 151 60 100 
3-5 294 176 60 100 
) 5-0 420 252 70 97 
6-0 504 302 70 97 
8-0 672 403 70 95 


All parts of the machine which come into contact with blood are 
heavily nickel plated. Cleaning of the oxygenator presents no difficulties. 


SUMMARY. 


A method for the oxygenation of blood has been described in which 
all possibility of leaks of blood or oxygen and of the frothing of blood 
has been entirely eliminated; this has been secured by using magnetic 

power for the rotation of the oxygenating surface, which is supported 
upon a central axle tube enclosed within the gas chamber. By means of a 
spiral formation of the film bearing surface all forceful movement of 
blood is abolished. The largest possible oxygenating area within the 
compass of the gas chamber described (8? x 12 in.) is 1440 sq. m. To 
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determine oxygen iitilization it is to thaiitain vonstatit 

_ level of blood in the oxygenator. The machine is capable of maintaining : 
efficient oxygenation of 600 0.6. of blood per mintite. 
The oxygenator in its entirety was made in the machine shop of the Department by | 


Mr G. A. Sandoz, to whom I am greatly indebted for many valued suggestions and also for 
the machine drawings. 


Bayliss, ; L. E., Fee, A. R. and Ogden, B. (1928). J. Physiol. 66, 443. 


Daly, I. de B. and Thorpe, W. V. (1933). Ibid. * 199, 
Hooker, D, R. (1915). Amer. J. 
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A SPECTROSCOPIC COMPARISON OF FCETAL AND 
MATERNAL BLOOD OF THE RABBIT AND GOAT. 


By F. G. HALL. 


(From the Physiological Laboratory, Cambridge.) 
(Received April 23, 1934.) : 


RECENT investigations concerning the conditions of foetal circulation 
[Barcroft, 1933] have shown that the oxygen dissociation curves of 
foetal and maternal bloods are dissimilar. It was suggested that such a 
dissimilarity could be accounted for by differences in character of foetal 
and maternal hemoglobin. McCarthy [1933], working with purified 
solutions, has substantiated this suggestion by showing that the oxygen 
dissociation curves of foetal hemoglobin have a greater affinity for 
oxygen than maternal hemoglobin. He found no apparent difference in 
the molecular weights of the two hemoglobins. More recently Eastman, 
Geiling and de Lawder [1933] have demonstrated that in human 
foetal blood oxygen is absorbed more effectively than in the blood of the 
mother. 

It was thought that maybe a spectroscopic analysis of hemoglobin 
would offer some additional evidence as to whether or not the differences 
in the oxygen dissociation curves are due at least to some extent to the 
specific form of the hemoglobins. 


METHODS. 

The procedure employed was described in a previous paper [Hall, 
1934]. Blood was diluted approximately one hundred times in the 
following manner. One cubic centimetre of whole blood was added to 
4¢.c, of distilled water. When hemolysis was complete the blood was 
centrifuged for 5-10 min. A portion of the supernatant hemoglobin 
solution was pipetted into a phosphate buffer solution (1/15 M) of the 
desired pH. Dilution was made so that the spectral absorption bands of 
saturated oxyhemoglobin of the various samples of blood were of the 
same intensity as judged by the eye. 
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34 F. G. HALL. 


Equilibration was accomplished by shaking the tonometer in a water 
bath maintained at a constant temperature of 37-0° C. Fresh solutions 
were used for each point on the curve. Following equilibration at various 


90 


80 


) 10 20 | 30 40 50 60 70 
Oxygen pressure in mm. Hg 
Fig. 1, Oxygen dissociation curves of foetal and maternal hemoglobin from goats, in 
phosphate buffer at pH 6-8. o, from fetus; a, from mother. 15 weeks’ gestation. 
_ 0 from foetus; e from mother. 18 weeks’ gestation. 


oxygen pressures the samples of hemoglobin solutions were tested for 

methzmoglobin by reducing the oxygen pressure in the tonometer to 
approximately zero and then matching with the reduced hemoglobin on 
the spectroscope. Only in hemoglobin solutions which had been frozen 
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» __ and thawed at intervals over a period of several weeks was any appre- 
‘ciable methemoglobin found. 

The curves are plotted according to formula devised originally by 
Adair and since modified by Roughton [Brown and Hill, 1923]. 


a 
| 


8 12 16 20 24 
Fig. 2. Oxygen dissociation curves of fetal and maternal hemoglobin from rabbits, in 
phosphate buffer at pH 7-4. 0, from fotuses; 4, from mother, 23 days’ gestation. 
0, from foetuses; e, from mother. 23 days’ gestation. 


RESULTS. 

Results obtained by spectroscopic comparison of h»moglobin from 
maternal and footal goats are shown in Fig. 1. The blood was taken from 
the feetal and maternal circulation in the 15th and 18th week of gestation. 
The total gestation period is 21 weeks. There seemed to be very little 
difference in the two foetal hemoglobin curves and the experimental 
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36 F. G. HALL, 
points are therefore plotted on a single curve. The oxygen dissociation 


of maternal hemoglobin varied very little. Unfortunately the spectro-— 


scopic analysis did not begin early enough to include determination from 


Percentage saturation with oxygen 


10 20. 30 40 60 

| Oxygen pressure in mm. Hg : 

Fig. 3. Oxygen dissociation curves of fetal and maternal hemoglobin from rabbits, in 
phosphate buffer at pH 6-8. o, from foetuses; a, from mother. 23 days’ gestation. 


o, from foetuses; e, from mother. 23 days’ gestation. =, represents points obtained 
non-pregnant female rabbit. 


any more of the goats used in Prof. Rerevoive experiments. It seems 
quite evident that the oxygen dissociation curve of the foetal blood was 
decidedly to the left of that of the maternal blood. 
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Foetal blood was obtained from rabbits on the 23rd day of gestation. 
- Oxygen dissociation curves were made on the fotal and maternal 
- hemoglobin in phosphate buffer solutions (1/15 M) at pH 6-8 and 7-4. 
The results are shown in Figs. 2 and 3. The oxygen dissociation curve 
of the foetal hemoglobin is definitely on the left of that of the maternal 
but not so pronouncedly so as in the case of the goat. It was also more 
7... decidedly on the left at pH 7-4 than at 6-8. 


CoNcLUSsIONS. 


Ren pic analysis of the oxygen dissociation of foetal and 
maternal cathe in the goat and rabbit showed that foetal hemo- 


_ globin had a' greater affinity for oxygen than had maternal hemoglobin. 
| It would seem, therefore, that the greater affinity of foetal blood for 
| oxygen is partly due to a specific difference in their hsemoglobin. 


by Barcroft as a part of a study of the conditions of 
foetal respiration. I wish to thank both Prof. Barcroft and Mr G. 8. Adair for their 
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‘ ACETYLCHOLINE IN OX AND DOG BLOOD. 


By G. H. ETTINGER anp G. E. HALL. 


sites the Department of Medical Research, Banting Institute, 
University of Toronto.) | 


(Received April 30, 1934.) 


Durine the course of an investigation in which we were using rabbits’ 
isolated intestine as a test object for the physiological assay of acetyl- 
choline, we considered Dudley’s request that workers in other countries 
should investigate the problem of the alleged occurrence of acetylcholine 
in ox blood. 

Dudley [1933] found approximately 0-1 mg. of acetylcholine chloride 
per litre of ox blood, and, in England, consistently has been unable to 
confirm the high results (up to 40 mg.) of Bischoff, Grab and Kapf- 


hammer [1931]. Although Vogelfanger [1933] has recorded positive 


findings, Wrede and Keil [1931] have reported negative results. 

Four lots of blood from three animals were extracted by the method 
of Kapfhammer and Bischoff as adopted by Dudley [1933]. There 
was some variation in the method of collection; these details are described 
for each lot. Methyl alcohol was used-in two extractions in consideration 
of the suggestion of Strack, Neubauer and Geissendérfer [1933] 
that acetylcholine in tissue is much more stable in methyl] than in ethyl 
alcohol. 

COLLECTION AND EXTRACTION. 


Lot I. 1000 c.c. of fresh, warm ox blood, direct from the animal, were 
added, with shaking, to 5000 c.c. of ethyl alcohol in a large flask. 

Lot II. 1000 c.c. of fresh, warm ox blood were added, with shaking, 
to 5000 c.c. of ethyl alcohol containing 1-6 g. of oxalic acid. 

. This collection was done at the abattoir. No more than 60 sec. 

elapsed between the spilling of the blood and its mixture with alcohol. 

For lots III and IV, 2000c.c. of ox blood were collected at the 
abattoir; sufficient potassium oxalate was added to prevent clotting, and 
the blood was brought to the laboratory. 
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Lot IIT, Twenty minutes after collection, while still warm, 1000 c.c. 
of this blood were added, with stirring, to 5000 c.c. of methyl alcohol. 

Lot IV. The remainder of the above oxalated blood was allowed to 
stand 24 hours in the ice chest, then 1000 c.c. were added to 5000 c.c. of 
methyl alcohol, It was hoped to find whether standing affectéd the 
acetylcholine content. 

The alcoholic mixtures were all made acid to litmus with aqueous 
lactic acid, and the further steps in the extraction and concentration 
were carried out as described by Dudley, except that the final stage, the 
precipitation of the acetylcholine as the chloroaurate, was not repeated. 
Biological assays by the rabbits’ intestine method were made of the 
concentrated extracts at the three steps, viz. the alcoholic extract, the - 
trichloroacetic-ether extract, and after precipitation with Reinecke acid. 
The inhibiting effect of atropine was demonstrated on all extracts. 


RESULTs. 


The maximum yield of acetylcholine chloride from ox blood collected 
in ethyl alcohol was 0-52 mg. per litre. The yield from blood collected in 
methyl alcohol was very much lower: the maximum was 0-028 mg. per 
litre. The presence or absence of anti-coagulant did not materially affect 
the assay, nor did standing for 24 hours decrease the yield significantly. 


Dogs’ blood. 

Eight lots of dogs’ blood from as many animals were also extracted 
and assayed. Much smaller volumes of blood were used: 25 c.c. in four 
experiments and 100 c.c. in the remainder. The maximum yield of acety]- 
choline chloride from blood extracted with ethyl alcohol varied from 
0-06 to 0-6 mg. per litre. When the first extraction was done with methyl 
alcohol the yield was very low, from 0-0 to 0-01 mg. per litre. Extracts 
prepared by the use of methyl] alcohol were also unsatisfactory for assay 
in that there was commonly a contraction of the gut following the 
washing after the assay, which was in excess of that produced by the 
extract alone. 

Acetylcholine in 10mg. and 5mg. amounts was added to ethyl 
alcohol, and dogs’ blood (25 c.c.) subsequently added. The mixtures were 
extracted and assayed for acetylcholine. This was recovered quantita- 
tively. 
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SuMMARY. 


1. Ox blood (four lots, three different animals) and dogs’ blood (eight 
lots, eight different animals) contain ‘Telatively small amounts of 
acetylcholine. 

2. Acetylcholine added’ to a mixture of dogs’ blood and ethyl alcohol 
can be recovered quantitatively as estimated by physiological assay. 

3. Methyl alcohol is not satisfactory as a menstruum for extracting 
acetylcholine from blood for payment assay by the rabbit's isolated 
intestine method. 
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UTILIZATION OF BLOOD SUGAR AND FORMATION 
OF LACTIC ACID BY THE LUNGS. 


By C. LOVATT EVANS, FONG YEN HSU}, 
anD TAKAO KOSAK 


(From the Department of Physiology and Biochemistry, ‘ 
Unwerstty College, London.) 


(Recewed April 24, 1934.) ° 


INVESTIGATION of the changes brought about in the blood as a result of 
its passage through the coronary vessels of the heart [Evans e¢ al. 1933; | 
Rihl and Rolshoven, 1933; Rolshoven, 1933], has confirmed the — 
work of MeGinty [1931] and McGinty and Miller [1933], who found 
that the heart removes from the blood — more of lactic acid than of 
glucose. 

It had been previously shown by Anrep and Cannan [1923] that on 
ventilation of the heart-lung preparation with air the lactic acid content 
of the blood in the venous reservoir often increased, whereas when carbon 
dioxide-oxygen mixtures were substituted for air, the lactic acid rose 
more slowly or even fell. A likely explanation of this phenomenon 
seemed to be [Evans et al. 1933] that the lactic acid content of the blood 
represented a balance between the rates of formation of lactate from 
blood sugar by glycolysis in the blood stream, and of its continual removal 
from the blood by the heart. A similar equilibrium is in all probability 
accountable for the analogous behaviour of the perfused limb-lung pre- 
paration [Eggleton and Evans, 1930]. 

In attempting to explain the phenomenon of the rise and fall of the 
blood lactate in the heart-lung preparation, it was provisionally assumed 
[by Evans ef al. 1933] that lactic acid was formed in the blood from 
glucose at the same rate as in the blood in vitro. Although the lungs had 
been shown [Eggleton and Evans, 1930] not to remove any lactic 
acid from ‘the circulating blood, the question of whether they added any 
to it was shelved for the time, since it seemed that glycolysis in the blood 
itself might account for all the lactate that found its way into the blood 
in those experiments. As in all cases the margin was small, however, 
while in some the heart seemed likely to be using lactate more quickly 

1 China Foundation Fellow. * Rockefeller Foundation Fellow. 
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than the blood could form’ it, we undertook experiments in order to find 
whether the lung actually contributed lactate to the blood. They showed 
that it did so. 

Some previous investigators had found lung tissue to cause glycolysis 
' [Sluiter, 1924; Binet and Klukowski, 1933]; others failed to find it 
[Eppinger and Wagner, 1920; Laser, 1932]. 


MeEtTuHops. 


Dogs were ee the lungs of the cat and sd sheep have 
also been tried. 


The most useful apparatus and procedure were as follows (Fig. 1): the 
blood, or other fluid, at 38° C., was passed by a Dale-Schuster per- 
fusion pump (P) from a weedunded reservoir () through a cannula (C) 
in the pulmonary artery into the exsected lungs; a cannula (V) tied into 
the left auricle returned the pulmonary vein blood to the reservoir, and 
the rate of this flow could be measured with the aid of a stop-watch 
by diversion into a calibrated receiver (M). Free-draining blood from 
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bronchial vessels was collected by suspending the lungs in a warmed 
cylindrical receiver (B) from the sump of which a drain (D) led back to the . 
9 reservoir. The lungs were ventilated by an “Ideal” respiration pump (J), 
the air from which was moistened by being bubbled through water at 
37° C.: in order further to reduce evaporation the lungs were enveloped 
in a cape made of cellophane or moist peritoneal membrane, over which 
some gauze, moistened with salt solution, was placed. As a control for 
determining the rate of glycolysis in the blood alone, in the earlier 
} experiments a like quantity of blood was simultaneously circulated at 
a similar rate through an oxygenator (0) [Euler and Heymans, 1932] 
in which oxygenation was effected in a spray blown with air or other gas 
mixture. Mixtures of gases of approximately the required composition 
were made by the use of metering valves [Williams, 1933] on the 
cylinders from which the storage bag was frequently replenished. The 
gas mixture used was in all cases the same as for ventilation of the lungs, 
both being fed from the same storage bag (G) and circulated by a rotary 
pump (2). The circulations of blood through lungs or oxygenator could. 
at any time be changed over, so that the blood which had been passing 
though the lungs could be made to pass through the oxygenator and 
, vice versa. Difficulties with frothing were not quite overcome with this 
oxygenator when using air or mixtures not rich in oxygen, and ultimately 
the apparatus was simplified by replacing the parallel control with the 
oxygenator by the use of a small sample of the blood exposed at 38° C. 
to a gas mixture identical with that used to ventilate the lungs. It was 
found to be almost immaterial whether this sample of blood was kept in 
constant motion or only occasionally disturbed (Fig. 2). This is an ‘ 
Bs | important point, since in some of our experiments the blood used for the 
| control determinations was much less disturbed than that passing 
through the lungs; in order to reduce any error due to this cause we always 
thoroughly mixed the stationary control blood at-more frequent intervals 
than in the experiments of Fig. 2, but in the majority of the experiments 
it was kept in constant motion, either by being circulated through the 
oxygenator or by being rotated in a saturator containing a gas of the 
same composition as that used for ventilating the lungs. Usually the 
blood was defibrinated and strained through fine muslin, but in some 
experiments anti-coagulants were used instead. Microscopic examination 
of the defibrinated blood before and after prolonged perfusion showed no 
fibrin threads, and apparently normal erythrocytes. The operations were 
carried out with all convenient precautions of cleanliness and in some 
cases with rigid asepsis. | 
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The procedure finally adopted was to furnish the dry and invariably 
heat-sterilized perfusion apparatus with a measured amount of blood 
from a first dog: the difference between the measured volume and the 
reading on the graduated reservoir gave the dead space of tubing, etc 
The lungs from a second dog were then removed and’ cannulated, 
rapidly washed through with defibrinated (or incoagulable) blood de- 
livered by gravity from a funnel, weighed and connected to the proper 
perfusion apparatus, and artificial respiration and blood circulation 


mg./100 0.0. 


Fig. 2. Blood glycolysis in vitro. Eifect of constant rotation. Mean curve for 
' three experiments. (In two of these the effect of rotation was negligible.) 


begun. After 1 or 2 min. the perfusion pump was stopped for about 
20 sec. and the reservoir level read; the reduction in level showed the 
amount of blood held at about zero pressure in the lung vessels. It was 
often surprisingly large, and when the pump was restarted became larger 
still (usually by about 50 c.c. for a lung of about 100 g. weight). The rate 
of blood flow used was, if possible, adjusted so as to give pulmonary 
artery pressures not greater than 60mm. Hg: with flows up to 
500 c.c. per minute for lungs of about 100 g. the pressure was usually 
about 30 mm. Hg. The lungs were again we sae at the close of the 
experiment, 
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Samples of blood from the reservoir or venous return tube were taken 
at convenient intervals for determination of true glucose and lactic acid, 
in duplicate, and also in many cases of percentage hemolysis, hemoglobin 
content (Sahli], oxygen content and percentage saturation [Haldane], 
carbon dioxide content [van Slyke], hydrogen ion concentration 
(dialysis). Blood sugar was estimated by Shaffer and Somogyi’s 
metliod 50 [1933], following deproteinization by Somogyi’s cold zinc 
hydroxide [1930] or copper method [1931]. Lactic acid by deproteini- 
zation with trichloracetic acid and estimation by the method of 
Friedemann, Cotonio and Shaffer [1927]. 


RESULTS. 
Glycolysis in vitro. 

The graphs showing the rate of usage of glucose and of accumulation 
of lactic acid for blood in vitro are nearly rectilinear for the first hour or 
two, and the raté of change as an average of twenty-two experiments for 
blood in equilibrium with air (Table I) showed a loss of glucose of 
16-2 mg./100 c.c./hour (max. 23, min. 8), and a gain of lactic acid of 
15-5 mg./100 ¢.c./hour (max. 22-2, min. 8), the average yield of lactic 
acid from glucose being thus about 96 p.c. We suspect that small amounts 
of substances other than lactic acid and/or glucose were estimated by 
the methods we used, however, and among other reasons because we have 
not infrequently found that slightly more lactic acid appeared than 
corresponded with the apparent glucose lost. In fifteen of these experi- 
ments samples of the same bloods were also equilibrated with mixtures 
of air (or oxygen) and carbon dioxide, containing on an average 7°15 p.c. 
CO, and gave average figures for glucose of 9-93 mg./100 c.c./hour 


I. Glycolysis in vitro, 


Change, mg./100 c.c./hour 
No. of Lactic aci yield as p.c. 
exps. Gas phase Glucose usage formation of glucose 
15 7:15 p.c. max. 16 max. 18 


(max, 16, min, 5) and for lactic acid of 9-90 mg./ 100 c.c./hour (max. 18, 
min. 6-3), with a yield of nearly 100 p.c. lactic acid from the glucose. The 
close correspondence between the glucose lost and the lactic acid gained 
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_ by the blood undergoing glycolysis in vitro is shown by the fact that the 
sums of the glucose and lactic acid present in the blood at beginning and 
end are nearly identical when a sufficient number of experiments are 
averaged together; in individual experiments, however, the sum at the 
close of the period of an hour may be greater or less than at the beginning. 
Usually it is less, and obviously on the average by an amount of about 
0-7 mg./100 c.c./hour for blood in air. But in a large number of cases the 
deficit is above this average and sometimes reaches 3-5 mg./100 c.c./hour. 
We may suppose it to be due to loss by oxidation of either or both sub- 
stances, though there are other possibilities. On the other hand, in a 
few cases the sum increases with glycolysis, which may be due to the 
formation of some other substances estimable as lactic acid, or to 
liberation of sugar from ester combination, etc. It is sufficient to note, 
however, that on the average the discrepancy is so small as to lie within 
the experimental error. The rate of glycolysis seems to be the same in 
blood rendered incoagulable by the addition of heparin or of chlorazol 
fast pink BKS [Huggett and Rowe, 1933] as it is in defibrinated blood. 


Changes in blood during perfusion through lungs. 
Although some of the experiments have been prolonged up to 5 or 
6 hours, we consider that, owing to the ultimate occurrence, even in the 
best experiments, of some amount of lung oedema, and for other reasons 
which will be shown, conclusions drawn from results obtained more than 


doubtful significance. Whether of long or short duration, however, the 
experiments not complicated by copious oedema have, with one single 
exception out of a total of thirty experiments, all shown that the rates 
of lactic acid increase in and glucose usage from the blood are obviously 
accelerated by passing it through the lungs. The results of a typical 
experiment are shown in Fig. 3. 

The figure shows a rapid fall in blood sugar and rise in blood 
lactate, and indicates that the rate of glycolysis is augmented from 
15-7 mg./100 c.c./hour im vitro to 40 mg./100 c.c./hour in the lung circuit, 
while the lactate formation rises from 14-5 to 32 mg./100 c.c./hour. The 
graph is not quite linear, but shows a reduction in the rate of change as 
the perfusion goes on. The reduction in rate is actually greater than 
would appear from this method of presentation, where it is to some 
extent offset by the fact that the total volume of blood upon which the 
lung is acting is being continually reduced. The rate of change in fifteen 
similar experiments is given in Table II, from which it is seen that in the 


2 or 3 hours after the removal of the lungs from the body may be of _ 
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~-@-- Control blood 
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Fig. 3. Exp. 364. Glycolysis in pulmonary blood compared 


with control. Air ventilation. 


Tasxe II. Glycolysis in pulmonary blood and control. Air ventilation. 


A 


Lung circuit 


Second period* 


A. 
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100 
“099 
a 
~ 40 a 
3 
Q 
: 
Glucose Lactic 
| Exp. n loss acid gain a 
361 12-8 10-4 a 
362 8:6 — a 
364 15-7 14:5 
| 365 17-0 18-0 : 
366 14-0 16-0 4 
367 
1 370 10-6 11-4 
371 13-4 15-3 
376 16-8 18-0 
2 377 16-0 10-0 a 
378 16-0 14-6 
382 20-0 18-1 
389 17°3 22-2 
397. 22-0 20-0 
Average 15-2 15-4 
By lun m4 | -5 mg, lactic acid. 
By Ing més mg. lactic acid. 
Per 5 “5 mg. lactic acid. 
a Ds 8-5 mg. lactic acid. 
fl 
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first hour the blood loses on the average 41 mg. of glucose per 100 c.c. 
and gains 27-5 mg. lactic acid, or, deducting the change in the control 
blood, that the lungs use 93-5 mg. glucose and form 43-8 mg. lactic acid 
per hour, while during the second hour the change is 33 and 30 mg./100 
c.c./hour (or total usage and formation of 59-2 and 48-6 mg.) respectively. 

The average weight of the lungs was 83 g. and that of the heart 81 ¢., 
from which the change per 100 g. lung per hour is, for first hour, 112-5 mg. 
glucose and 52-5 mg. lactic acid, and for the second hour, 71-3 mg. glucose 
and 58:5 mg. lactic acid. Fig. 4 shows the mean graph of the fifteen 


experiments. 


wow 


mg./100g. 


8 


2. 


From mean data of Table II. 


There is at present no satisfactory explanation of the progressive 
decline in the rate of glycolysis. The figures for glucose usage for the 
first hour are somewhat higher than the values given by previous 
investigators, and this is no doubt in part due to the fact that it has often 
been the practice to consider longer periods. Thus Patterson and 
Starling [1913], although ignoring glycolytic changes in blood, obtained 
about 84 mg./100 g. (of accompanying heart)/hour, while Cruickshank 
and Startup [1930], who allowed for glycolysis, obtained 75 mg./100 g. 
heart/hour; Hemingway and Phelps([1934], who disregarded blood 
glycolysis but used brief perfusions and attempted to allow for glycpgen 
change in the lung itself, found 84 mg./100 g. lung/hour. 

The new feature of our experiments is that they show that the 
glucose disappearing from the blood is not all oxidized in the lungs, but 
that much of it is converted into lactic acid. The fraction so converted 
is less than that in the blood itself, and appears to be about 46 p.c. during 
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the first hour and 82p.c. during the second hour. Ventilation with 
nitrogen contaming 7 p.c. CO, and 1-6 p.c. oxygen, though it lowered 
the oxygen saturation of the blood from 100 to 26 p.c., did not increase 

the yield of lactic acid; no experiments under completely anaerobic 
conditions were performed. 

We have so far not attempted to find to what extent the glycogen 
content of the lung itself is concerned in these exchanges, but it is possible 
that storage may have happened during the first hour of perfusion, since 
the blood sugar was usually high to begin with, and this, according to 
Cruickshank and Startup [1930], would favour glycogen formation in 
the lungs, which, moreover, the experiment quoted by Hemingway and 
Phelps [1934] would substantiate. If this is so it might account for the 
increasing yield of lactic acid as the perfusion proceeds. | 

When all the glucose has been removed from the blood, however, the 
lactic acid ceases to increase, and usually shows a slight fall, as the 
following experiments (Table ITI) illustrate: 


III. Aglycemic perfusion. 


Exp. 367 Exp. 371 Exp. 375 
Blood Blood Blood Blood ~—--Blood ~—Blood 
glucose lactate glucose lactate glucose lactate 
Hour mg./100 mg./100 o.c. mg./100 c.c. mg./100 c.c. mg./100 c.c. mg./100 c.c. 
0 116 62 155 30 106 32 
3 22 128 24 133 8 96 
4 0 144 0 142 2 102 
5 0 140 0 134 0 99 
A hourly fall in 75 mg. weet: 10 mg. asad 6 mg. 
sum of glucose + | . 
Average fall of lactate 5-5 mg. 8 mg. 
after disappearance of 
sugar 


The fall in lactate occurs at a rate which is rather less than that 
previously shown by the rate of diminution in the sum of sugar and 
lactate; this latter may be taken to represent the carbohydrate stored or 
‘eventually oxidized, either directly or after being first converted into 
lactic acid. These data may be compared with those for the oxygen usage 
of the lungs obtained by Evans and Starling [1913]; their figure was 
1 c.c./g. heart/hour. Since 1 c.c, oxygen = 1-34 mg. glucose or lactic acid, 
the amount of oxygen used, directly or indirectly per hour in combustion of 
glucose, in our experiments of Table II would be (93'5 — 43°8)/1°34 = 37 c.c., 
which, for an average heart weight of 81 g., would be only 0-46 c.c. O,/g. 
heart/hour. Apparently, therefore, the lung tissue does not draw its 
entire combustible material from blood sugar or lactate. 
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Certain considerations had to be weighed, however, before it could 
be concluded that lactic acid was actually being formed from blood sugar 
in the lungs more rapidly than would occur spontaneously in the blood 
alone, and before we could conclude that such accelerated glycolysis was 
@ normal occurrence. 

- Thus a fraction of the blood in the pulmonary circuit was in rapid 
movement and could not without investigation be compared with control 
blood which sometimes remained relatively at rest. That continuous 
rotation of the blood in a saturator did not result in an appreciably 
greater rate of glycolysis than occurred in blood only periodically stirred 
round has been already mentioned, but in order to have more comparable 
movements and to expose both bloods to similar gas mixtures the oxy- 
genator circuit control was employed in some experiments. This, however, 
introduced a fresh source of error, in that considerable hemolysis 
occurred in the blood of the oxygenator circuit. Whereas the hemolysis 
in the fresh defibrinated blood was of the order of 0-5-1 p.c. rising usually 
to 1-2 p.c. after several hours of lung perfusion, the hemolysis in the 
oxygenator circuit was always definitely greater and in one case reached 


Tasiz IV. “Crossing-over” experiment. 
Exp. 365. ~~ Defibrinated blood, twice filtered. 450 c.c- iff each circuit. 
Lungs 110 g. No wdema. 


Lung circuit 
Pul- 
aon CO, con- Mg./100 c.c. 
p. pressure blood Lactic 

Hour °C. mm. Hg 100 c.c. Sood Glucose acid 
0.00 38:3 21 274 126 71 
1.00 38-3 20 274 8-5 0-8 6 
2.00 38-5 20 — 8-4 1-0 67 129 
2.01 Switch over bloods 
2.18 38°5 20 5 a 8-36 18-2 85 126 
3.18 38-3 25 300 —_— 8-30 15-6 58 141 
4.18 378 18 126 1-40 7°82 16-1 25 166 

: Oxygenator circuit 

Temp. Flow hy of Hemolysis Lactic 
Hour °C. c.c./min. 1000.0, p-c. Glucose acid 
0.00 37 136 9-1 73 6-6 142 b4 
1.00: 37-2 200 1-4 8-48 19-2 125 82 
2.00 150 — 8-4 19-6 106 104 
2.01 Switch over bloods 
2.18 158 7-0 78 129 
3.18 37°5 120 — 8-37 13-3 64 134 
4.18 37°5 111 14 7°85 15-2 57 148 
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about 20 p.c. in 2 hours, Since hemolysed blood shows a slower rate of 
glycolysis (Irving, 1926; Reid and Narayana 1931], it might therefore 
be thought that the slower change in the oxygenator circuit was due to 
the corpuscular damage. Alternatively, it might be thought that the more 
rapid effect in the lung might in some way be due to a glycolytic agent 
passing out once and for all from the lung into the blood in the pulmonary 
circuit; to eliminate this the control blood was usually drawn from the 
reservoir after having been circulated for some time through the lungs, 
and was found to show no acceleration of glycolysis. We answered both 
of the objections further by the “crossing-over” experiment, using the 
arrangement shown in Fig..1. 

In this experiment, after a period in which two portions of blood from — 
a common stock were circulated respectively through oxygenator and 
lung circuits, these were crossed over, so that nearly all the blood formerly 


traversing the lungs now went through the oxygenator circuit and vice 
versa (‘Table IV). | 


Variation in amount of lung tissue, or of blood. - 

In some of the experiments the perfusion was begun with both lungs, 
and after one or more periods one lung was tied off, the rate of flow 
through the remaining lung being kept the same as that previously 
through both. This led to a reduction in the rate of change in two 
experiments out of three (the remaining one showing no change), though 
the reduction was never proportional to the amount of lung removed. 
The following, in which the flow was a large one, was the most satis- 
factory experiment: 

Ezp. 384. Defibrinated blood. Initial weight of lungs, 108 g. Preparation ventilated 


with 5-6 p.c, CO, in air. Pulmonary artery pressure 53-56 mm. Hg. Temp. 38°C. Flow 
500-560 c.c./min. Volume of blood in circuit 480-465 c.c. CO, content of serum 30 vol. p.c.: 


H 7-67. 
— Exchange by lungs, mg./hour 
Lactate 
0 87 31 -- — 
1 51 52 135 63 
One lung =69 g. removed without stopping circulation through the other. 
2 26 14-5 79 47 


The fact that the reduction in the rate of chemical change brought about by the removal 
of half the lung tissue was less than expected suggested that the action of the lung tissue 
might in part be of a catalytic nature and take effect for some seconds or minutes on the 
whole volume of blood. We have not proceeded further with this aspect of the problem, 
though we have noted that the total change did also vary somewhat when the total blood 
volume was altered. 
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The addition of fresh blood appeared to have a definite stimulating 
effect on the rate of glycolysis, but it had a similar effect when used to 
replace, instead of to augment, the blood initially circulating. As it 
seemed possible that new blood accelerated the process by reason of its 
higher glucose and lower lactate content, we have tried the effect of 
additions of glucose or of sodium lactate to the circulating blood. The 
results, after allowing due time for distribution of the added substances, 


did not indicate that any effect was produced by either addition. 


Effect of varying rate of flow. 


It was expected that alteration in the rate of blood flow through the 


lungs would alter the rate of glycolysis effected in the blood. In practice 
this was only partially realized, due partly to the fact that the experiment 
cannot readily be planned to give unequivocal results because of the 
natural decline in glycolysis which occurs in the course of all the experi- 
ments; hence if we begin with a large flow, glycolysis will in any case tend 
to fall even if the flow remains constant, whereas if we start with a small 
flow, any augmenting effect of increased flow will be to some extent 
obscured by the same causes. Curiously enough, the effect of alteration 
of rate of flow, between reasonable limits, and until the glucose fell to a 
low level, seemed to have little effect on the rate of change in the blood, 


. a8 the following three experiments (cf. Table V) show. When the blood 


Taste V. Alteration in rate of blood flow. 


Exp. 370. Defibrinated blood. Temp. 36-38-2° C. Hemolysis 0-8-1-6 p.c. 
Rate of glycolysis in control=11 mg. glucose and 12 mg. lactic acid/100 c.c./hour. 


Pulmonary Mg. per hour 
artery Glucose Lactate by lung alone 
Time mm.Hg _.c./min. blood Glucose Lactate 
0 22 137 124 89 — saa 
1 22 150 90 112 38 
2 22 150 54 128 81 13 
3 36 280 18 155 49 27 
4 22 137 4 160 8 — 
Exp. 371. Defibrinated blood. Temp. 38-4-38-8° C. Heemolysis 0-6-10-0 p.c. 
0 33 500 127 49 
1 33 500 84 92 81 98 
2 12 225 44 117 68 34 
3 40 600 7 147 43 37 
Exp. 376. Defibrinated blood. Temp. 36-6-38° C. Hemolysis 1-0-1-6 p.c. 
0 50 600 165 
1 50 126 78 66 27 
2 25 300 93 103 45 28 
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sugar was nearly exhausted, however, then the rate of formation was 
greatly reduced by retarding the flow (Exp. 370), nor could the falling off 
be prevented by increasing the flow (Exp. 371). 


Effect of ventilation with CO, miztures. 
The results of seven experiments in which the lungs were ventilated 


for the first hour with carbonydfoxide mixtures with air or oxygen, are 
shown in Table VI. 


Taziz VI. Ventilation of lungs with CO, mixtures (first hour). 


Mg./100 c.c./hour Per 100 g. lungs Control 
alone hour mg. /100 c.c./hour 
gontent Blood Glucose acid lung Lactic Glucose Lactic 

Exp. of gas g. loss acid gain 
382 40-0, 49480 44 4 40 121 
383 75—air 40 £12 90 ..8 Al 6-3 
$84 470 36 £21 £4108 8-0 
386 7-6—air 9% 28 73 6-4 
406 40—air 500 227 14 47 6-0 5-5 
Mean 6-0 p.c. 438 276 155 98 775 312 103 8-5 


. It will be noticed that the rate of formation of the lactate from blood 
sugar by the lungs, as well as that in vitro, is reduced as compared with 
experiments in which ventilation was with air. The mean of the latter 
(Table IT) gave for the first hour 112-5 mg. glucose and 52-5 mg. of lactic 
_ acid per 100 g. lung, while the lungs ventilated with CO, gave an average 
of 77-5 and 31-2 mg.: the reduction in the rate was 31 p.c. for glucose 
and 40-5 p.c. for lactate. The glycolysis im vitro was, in air (Table IT) 
- 15-2 mg, glucose and 15-4 mg. lactic acid, and in CO, mixtures 10-3 mg. 
glucose and 8-5 mg. lactic acid: the reduction in rate brought about by 

Exp. 406. Defibrinated blood. Initial weight of lungs, 90 g. Heart 89g. Experiment 


began with ventilation with 4 p.c. CO, in air. Pulmonary artery pressure, 
56 mm. Hg. Average blood volume =500 c.c. 


Change mg./100 .c./hour | per 
Blood of ___ hour per 100 g. 
a Control blood lung 


A. 


Time Lactic Lactic Lactic 
hours lation Glucose acid Glucose acid Glucose acid Remarks 
6-0 65 117 47 Hb=100 p.c. 
0-1 4p.c. CO, 27 
| 0.c,/100 c.c. 


1-2 ‘ 22 17 6-0 5-5 89 8664 sat. of 
=93 p.o 


2-25 Air 46 = 109. prc. 
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OO, at an average of 6 p.c. was 33 p.c. for glucose usage and 45 p.c. for 
lactate formation. It would seem, from these very approximate figures, 
that the reduction in the rate of glycolysis brought about by CO, 
ventilation affects that in blood and lungs to about the same extent and 
that in both cases the lactate formation is inhibited more than is the 
glucose usage. 

| The striking increase in glycolysis when air is substituted for CO, | 
mixtures is seen in the protocol (Exp. 406) which is given above as 53). 


Possible bacterial contamination. | 

The perfusion apparatus was always sterilized by heat, dry or moist, 
according to suitability. In the earlier experiments, however, one part 
of the pump, the rubber bladder, was not detachable, and was merely 
scrubbed clean. On bacteriological examination of the blood, it was found 
in one experiment that there were initially 200 organisms per c.c., but 
after 2 hours’ perfusion there were at least 10,000 mainly hemolytic 
streptococci producing acid but no gas from glucose or lactose. We 
accordingly altered the arrangement of the pump to that shown in 
Fig. 1 and thereafter the entire apparatus was heat sterilized. Working 
with aseptic precautions throughout we then easily obtained completely 
sterile blood (no colonies in 1 ¢.c.) even after several hours of perfusion. 
The results were in no way altered thereby: Exps. 371, 372 and 373 are 
examples of experiments in which the blood was quite sterile throughout. 


Volume of blood in circulation. 


One of the difficulties attending quantitative estimations in lung 
perfusion experiments is that of the determination of the quantity of 
blood which is present. In all our later experiments measured amounts of 
blood were transferred to the graduated reservoir to begin with, and the 
volume of the tubes and other parts of the apparatus was known (usually 
117 ¢.c.). To commence, therefore, the volume of blood in the reservoir (R) 
would be the volume (M) measured in, minus the volume of the tubes, etc., 
(dead space) D, and that of the lung vessels when filled with blood (L), 
t.e. M=R+D+L. All subsequent removals or additions of blood in the 
course of an experiment were measured, so that the volume present at 
any time was known. The volume (ZL) at the start of an experiment was 
from 20 to 50 c.c. according to size of lungs. Thus, in one experiment, 
297 c.c, of blood were measured into the apparatus, and after filling all 
tubes and the lung vessels (at zero pressure) the reservoir contained 
140 c.c, blood, the dead space was 117 c.c. and hence the lung vessels 


‘ 
r 
é 
wid 
he 
wy 
33) 
ia 
= 
+ 
a 
J 
+ 
i 
4 
«ae 


GLYCOLYSIS BY LUNGS. 55 


had taken and held 40 ¢.c, We have always stopped the perfusion pump, 
but not the respiration pump, for some 20 sec. before taking the reading 
of the reservoir, because when the perfusion is in progress (pulmonary 
artery pressure 30-60 mm. Hg) the lung vessels hold 30-50 c.c. more 
blood than when the flow is arrested, and the vessels allowed to drain for 
20 sec, into the reservoir. 

During an experiment there is almost invariably a steadily i increasing 
difference between the vplume of blood known to be present in the 
circuit and that which would be calculated from the reservoir reading, 
on the assumption that the volume of blood in the lungs had remained 
constant throughout. The loss of volume, if due to evaporation or to 
passage of cedema fluid into the lungs, would be revealed by an increase 
in the hemoglobin content of the blood, the two causes being distinguish- 
able from the change in weight of the lungs. An approximate balance of 
fluid can be obtained only if great care is taken by ligation, as in the 
following instance, to prevent drainage of blood away from the lungs 
before weighing after these are removed from the apparatus. a 


Ezp. 389. Perfusion -for 2 hours 35 min. Volume of blood initially required to fill 
vessels =30 ¢.0, (32 g.). Initial volume of blood in circuit=470c.c, (Edema at end of 


experiment, 
inal of Final actual blood vol. =426c.c. 
Initial ht of lungs= 56 g. Final apparent blood vol. =325 ag. 
= Volume lost =101 c.c. = 106 g. 
10: 
Final Hb =105. _ Less of fluid caleulated from Hb=21 g. 
Evaporation. Plasma loss as cedema, 
Volume lost =106g. Total water loss=21g. 
Increase in lungs= 97 g. Evaporation = 9g. 
Evaporation = 9g. ° (Edema loss =12g. 
Gain in weight of lung. - 
=12g. 
Initial blood capacity = 32 g. 
Extra blood =53 
Total =97 g. 


Ezp. 381. Perfusion for 2 hours 42 min. Initial volume of blood in circuit, 415 ¢.c. 
Volume to fill up lung vessels at zero pressure = 48 c.c. 


Final weight of = 103 Final actual blood vol. =340c.c. 
Initial “908. Final apparent blood vol. =310 c.c. 
Increase = 13g. Volume lost i: 30 c.c. =32 g. 


Initial Hb conc. = 100. 
Final Hb cone. = 97. 


No loss by evaporation or edema, but a calculated gain of water =10 g. (?). 
Difference 32 +10 - 13 =29 g. asnitied represents errors of measurement and loss of 
blood on removing lung. 


x 

‘al 
iJ 
4 
a 
4 
ia 
a 
“a 
+ 
~ 
¥ 
- 
aN 


56 _ 0. L. RVANS, F. Y. HSU AND T. KOSAKA. 


Not all the experiments gave such good balance sheets as these two, 
but it was evident that the loss of fluid from the circuit was often greater 
than could be calculated from the rise in the hemoglobin concentration 
of the blood. Therefore the increase of weight of the lung as shown in 
Table VII is often greater than would be calculated from the assumption 


Taste VII. 
Actual vol. blood Apparent vol. blood = 8 
pit | 
| 
4:25 80 207 227 ~ 297 207 6-0 41 19 9-1 — 
5-0 80 412 306 412 213 - 23-2 1145 11-7 14:8 _ 
2-67 90 415 340 367 262 12-5 5-4 71 0-0 — 
45 108 520 432 520 350 16-8 15-1 1-7 9-7 — 
90 465 453 465 425 6-3 2-2 41 — —_ 
50 110 470 338 470 805 6-0 64 -04 8-7 oa 
101 390 815 390 210 35-0 23-7 11:3 — (Edema 
2-5 56 470 426 475 330 73-0 40 143 (Edema 
15 WT 450 448 420 190 2230 2020 210 740 Copious 
2-75 90 520 485 520 400 34:5 575 23-5 | 16-2 — 


that this is due only to passage of plasma from the blood; it seems to 


be due to a steadily growing tendency for whole blood to remain in the 
lungs, or alternatively, for there to be simultaneously a deposition mainly 
of corpuscles in one part (hypostatic congestion) and an outward passage 
of plasma as cedema fluid in other parts. Although this alternative may 
to some extent be held to account, as is shown by the fact that in some 


cases the hemoglobin content of the circulating blood actually falls 


slightly, we think it more likely that there is for some reason a tendency, 


which increases as the experiment progresses, for the lung vessels to 


become distended and to drain very slowly; thus, blood will continue to 
drain away for many minutes after removal from the apparatus of a 
lung which has been perfused for 2 or 3 hours if its vessels are left freely 
open and particularly if it is handled, whereas after a short period of 


perfusion drainage is prompt. 


In view of these facts it becomes, especially in later periods of a series, 


_& matter of some importance to decide which volume of blood, the real 


or the apparent, should be used in calculating the chemical changes 
which take place on perfusion. In one experiment we attempted to 
determine the blood volume by the addition of a known amount of 
Chicago blue; the result was unsatisfactory and gave a volume somewhat 
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less than the aepikens one, We decided, nevertheless, to use the actual 
volume, as measured into the circuit, as a basis for calculation, because we 
thought that the whole mass of lung and blood was probably in diffusion _ 
equilibrium. This appears, as a first approximation, to be the case, for if 


~ glucose or lactic acid be added to the perfusion blood, the rise of its 


concentration is usually only slightly more than would occur if the 
substance were equally distributed between lungs and blood. This is 
illustrated by the data of Table VIII; allowance was made for the rate of 
usage of glucose or formation of lactic acid by the lung itself during the 
time intervening between addition and analysis. 


Tasxe VIII. Distribution of added glucose or lactate. 


Mg./100 c.c 
Calc. in- Cale. in- 
crease if crease if 
t 
Actual Apparent i only in inactual Actual 
vol.of vol.of | apparent volume increase in 
Wt. of blood blood volume blood+  concen- 
Exp. lung g. C.0. Addedg. ofblood lungs tration 
370 135 250 aie 0-2 glucose on 48 
373 80 252 217 0-4 glucose 184 121 125 
386 110 393 302 0-3 glucose 134 60 64 
391 358 1130 1000 1-2 glucose 120 80 83 
389 56 4H 415 0-79 lactic 191 143 158 
; acid, as 


Graeser, Ginsberg and Friedemann [1934] also found by direct 
analysis that the lung only contained slightly less glucose and slightly 
more lactate than whole blood. 

This agreement is, however, not so convincing as may appear at first: 
sight, because we know that in dog’s blood neither the glucose nor the 
lactate is equally distributed between corpuscles and serum. We found 
the corpuscles usually to have a concentration from one-third to one- 
eighth that of the serum as regards glucose, but about half as regards 
lactic acid. We cannot say conclusively what may be the distribution of 
glucose between serum and lung tissue, since in one case where glucose 


aN , Was added to a serum-perfused lung the lung appeared to retain more 
glucose per imit weight than did the serum; in a saline-fed lung the 


reverse was the case. Moreover, the following data (Table IX) show that 
lung cedema fluid, which is presumably also in equilibrium with lung 
tissue, contains a higher concentration of glucose than whole blood, but 
less than serum. Its lactate content is apparently about the same as 
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that of terum. It often contains hemoglobin when copious and is then 
probably a mixture of blood and tissue fluid. 

Tasie 1X, Blood, serum and oedema fiuid. 


— 164 1388 fluid Hb=27 p.c. 
94 

96 114 93 s lungs and blood 
42 Salles 


Bearing these various facts in mind it is evident that the quantitative 


results of lung perfusion experiments can only be approximate, and are 
particularly likely to be unreliable when there is a sudden onset of lung 


cedema ; as might be expected from what has been stated above, this leads" 


to a rapid loss of sugar from the blood as illustrated by the examples of 


X. Effect of lung wdema. 


Rate of change 
mg, /100 c.c./hour 


oedema 22 Cyanide added to 
376 Before began Cyanide /2800 
377 Before edema began 56 22 
cedema began 76 15 


397  Beforeademahegan 42 #34 Cyanide added to N/480 


It will be observed that in two of oa epi iee sodium cyanide 
had been added, and this seemed to be responsible for rapid lung cedema; 
it is only when the cedema is of very rapid onset that such striking results 
as the above are obtained. The lactic acid change is less affected than that 
of glucose. Nevertheless, we have disregarded any results which appeared 
to be complicated by lung edema and in general have avoided prolonged 
expermments for the same reason. ‘ 


_ Perfusion with serum or saline. 


The same phenomenon of glucose usage and lactic acid formation 
was seen in two experiments in which the lungs were perfused with dog’s 
blood serum; not all the red cells could be removed, oe 
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out of the lung during the perfusion, but the cell content shes never 


more than one-sixtieth that of blood. After a period of perfusion with 
serum the centrifuged corpuscles were added so as to reconstitute de- _ 
fibrinated blood and a further period of perfusion studied. 


Exp. 
368 


379 


4 


100 g.1 
Of per- Lactic 
Perfusion Flow fusion Glucose acid 
fluid c.c./min. hours usage formation Remarks 
(a) Serum 400 2 130 130 ee count of serum — 
(6) Serum + 400 ii 67 44 0 ca of 
blood =20-5 ¢.c./100 
(a) Serum 485 2 56 42 Cell count of serum = 
80,000/c.mm 
(6) Serum 72 35 
(c) Serum + 470 ; 29 45 Equal vol. serum and 
corpuscles. Sugar all re- 
moved at end 
Tyrode 375 | 31 31 Cell count in perfusion 
fluid =32,000/c.mm. 
Tyrode 600 1 33 39 Cell count in perfusion 
fluid = 2000/c.mm. 


Tastx XI. Serum and saline perfusions. 


In both experiments there was less glycolysis when blood was used 
than with serum alone; no doubt this may in part have been due to the 


ge 


Taste XII. 
Mg./100 g. lung/hour 
Lactic 
acid 
Flow Glucose for- | 
c.c./min. usage mation | Remarks 
50 100 Ventilated with 4-75 p.c. CO, 
in air. Plasma CO,, 33 vol. 
p.c. 
62 74 59 Air ventilation 
1090 34 43 Glucose, initially 27 mg. 
molysis 
4 hours 
890 


Glucose 23 5 
100 reduced to 1. 
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retardation of the process to which reference has already been made. In 
two other experiments Tyrode fluid, as free as possible from cells, was 
used for the perfusion. 

It would appear from these results that the action is one of the lung 
tissue and does not depend on the presence of red corpuscles. 


Other species. 

Table XII shows that similar results are obtainable with the lungs 
of cats and sheep. Minced cat’s lung also accelerated the rate of glycolysis 
when added to blood. Pig’ s lung similarly saushan had no accelerating 
effect on glycolysis in pig’s blood. 

Haarmann [1932] has also found minced Tung to produce lactate 
from glucose. 

Discussion. 


It is now possible, in view of the evidence that lactic acid is seitpens 


in the lung, not only more satisfactorily to explain the variations in 
lactate content in the blood of the heart-lung preparation, but also to 
show a further origin, in addition to blood glycolysis, for the lactate of 
the normal blood. Since the lactic acid formation by the lung shows a 
decline in rate after exsection, the amounts formed by the lung im vivo 
might be materially greater than those we have found under experimental 
conditions. We propose to investigate other sources from which lactic 
acid is contributed to the blood stream, but taking, in man, the lungs 
and blood alone it would seem that a quantity of lactic acid of the order 
of at least 1 g. per hour must be formed by glycolysis, the lungs forming 
about half the total amount. 


SuMMARY. 

1, Exsected dog’s lungs perfused with blood convert the blood sugar 
into lactic acid at the rate (for the first hour) of about 100 mg. glucose, 
with formation of about 50 mg. of lactic acid per 100 gm. lung. 

2. The rate of glycolysis is slowed down as the perfusion proceeds. 

3. The blood lactate of the heart-lung preparation (and no doubt 
im vivo) is formed partly by glycolysis in the blood stream and partly by 
__ the lungs. The lactic acid consumed by the beating heart of the heart- 

_ lung preparation is formed in both of these ways. 
4, Sundry precautions necessary in lung perfusions are dealt with. 
The authors have pleasure in recording their thanks to the Government Grants Com- 


mittee of the Royal Society for » grant to one of them (C. L. E.) for purchase of animals 
and materials; to Dr F. L. Pyman, of Messrs Boots, Ltd., rn ee 
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highly purified chlorazol fast pink, BKS; to Prof. C. H. Best of Toronto for a gift of 
heparin; also to recognize their appreciation of the technical help by Mr V. C. Tindley, 
and bacteriological work by Prof. C. C. Okell and Mr E. P. Murrell, of University College 


_ Hospital Medical School. 
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INTRODUCTION. 


TE object of this paper is firstly to study the relationship a the . 


total osmotic pressure of the blood and water diuresis; and secondly, in 
the light of previous papers, to present an account of water diuresis in 
man and lower animals, 

The relationship between T.0.P.* and diuresis after water drinking 
has been studied in some detail, and we describe experiments in which 
changes in the T.0.P. are produced by mineral starvation and by giving 
salt. 

Expervmental procedure. With the human subject, blood saniee were 
taken from the ante-cubital veins by a strictly uniform technique. The 
skin was cleaned and sterilized with absolute alcohol. The veins were 
tapped smartly to make them prominent and, after a period of about 
5 sec. of venous congestion, induced by pressure of the subject’s free hand 
upon the upper arm, a dry sterile needle connected to a dry record 


syringe was inserted into the vein and a sample of 4-10 c.c. of blood was — 


removed without delay. The sample was defibrinated by shaking with 
glass beads for 12 min. In order to remove small particles of fibrin the de- 
1 Mayo Foundation and Mayo Clinic. * Beit Memorial Fellow. 
* Total osmotic pressure. | 3 
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fibrinated blood was filtered through a filter paper perforated with small 
holes into a small glass bottle with a ground-glass stopper. All blood 
samples were kept in the refrigerator for at least 6 hours before the os- 
motic pressure was measured. The reason for this was that small changes 
in the 1.0.P. of the whole blood took place during the first 3 or 4 hours 
after it was removed. In the absence of bacterial contamination the 
osmotic pressure of the blood remained steady after the fifth hour. The 
measurements of osmotic pressure were made by Hill’s [1930a] vapour- 
pressure method and are given in terms of an isotonic NaCl solution. 
Adopting the precautions of Baldes [1934] the accuracy is about a 
tenth to a fifth of 1 p.c. As our measurements were made on whole blood 
and at 5 p.c. CO, tension no special care was taken to prevent loss of blood 


When the subjects consumed water, it was given to them at 37° C., 
and on these occasions, except for emptying the bladder, they were kept 
at rest in the sitting posture for some hours before and during the experi- — 
ment. To obtain further uniformity the subjects were given about 700 c.c. 
of water 3 or 4 hours before the test diuresis, and it was arranged that the 
test dose of water was given at a time when the rate of urine flow had just 
subsided to normal. In this way we tried to ensure comparable degrees of 
tissue hydration at the outset of each experiment. The importance of this 
has been demonstrated by Klisiecki, Pickford, Rothschild and 

Verney [1933]. 
' Subjects were placed on the mineral-free diet for 8 or more days. This 
diet was prepared by Miss Marshall, the lady dietitian at’ University 
College Hospital, to whom our thanks are due. ite main constituents 
were: 

Sugars, 

Salt-free butter, shortbread and biscuits. 

Vegetables boiled in distilled water (including tomatoes wid onions in 
small quantity). — 

Jelly prepared by a method described by Aitkin [1929]. 

The total calorific value of this diet is 1885. There are 316 g. carbo- 
hydrate, 72 g. protein, and 37 g. fat. 

- The mineral content of a day’s food is probably well morass the limit 
set out in the following table: 


i 
» 
x 
a 
hy 
44 
aN 
gases, 
da 
wa 
¢ 
g 
g- 
0-32 
Calcium 0-10 Phosphorus § 
i Chlori 0-23 
% 
Magnesium 0-10, rine 
Potassium 0-89 Sulphur 0-48 q 
Sodium 0-17 Iron 0-003 
2 


64 E. J. BALDES AND F. H. SMIRK. 


When salt was administered iw usually given as a 5 p.c. solution. 
The urinary chlorides were determined by the method of Volhard. 

A few experiments were performed on rats. The method of handling 
them has been described previously by Heller and Smirk [1932]. 


RESULTS. 

The effect of water drinking om the total osmotic pressure ofthe blood. In 
man, after drinking a litre of water, there is a fall in the T.0.P. of the 
defibrinated blood (Fig. 1). This fall continues to take place rapidly for 
25-45 (average 35) min. after drinking water, and may continue more 
slowly until 35-60 (average 48) min. after drmking water. 


Fig. 1. The relationship between the 1.0.P. of the blood and the rate of urine - 

formation after giving water. 

These changes in the T.0.P. resemble changes already described in the 
chlorine percentages of plasma and whole blood [Smirk, 1933]. The fall 
in the T.0.P. of the blood would appear to reflect the absorption of water 
from the gut (Fig. 2), for the period of time in which the T.0.P. of the blood 
is falling corresponds with the absorption time for one litre of water 
measured in man by the abdomen- and leg-weighing and other methods 
[Smirk, 1933a, 8, c}. 

In subjects weighing 64-75 kg. the average fall in the 1.0.P. lies 
between 1-5 and 2-75 p.c. of the T.0.Pp. Thus the maximum degree of 
dilution may be less and in one instance has been slightly greater than 
would be expected if all the water was absorbed, retained and distributed 
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equally among the water bearing tissues of the body. If we assume that 
60 p.c. of the body weight is water, then it is probable [Hill, 1930); 
Hetherington, 1931] that 59 p.c. of the water in the body is in a free 
state. On this basis, with even distribution, 1 litre of water when ab- 


Time (minutes) 
0 10 20 30 40 50 60 


lL. By the duration of the rapid fall in T.O.P. 


(without 


2. By the time taken to reach the minimum T.0.P. 


3. By the time taken to reach the minimum plasma or 
whole blood chloride + (without pituitrin) 


Fig. 2. The time for absorption of 1 litre of water in man 
as determined by different methods. 


sorbed by a 65 kg. man should cause a fall of about 2-63 p.c. in the 7.0.P. 
of the blood. In two subjects weighing 65 kg. the observed changes are 
between’ 2-08 and 2-77 p.c. in five experiments. | 
The relationship between total osmotic pressure and diuresis, In all our 
experiments it is clear that. considerable fall in the T.0.P. of the blood takes 
PH. LXXXIl. 5 
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place before there is an appreciable increase in the rate of urine flow. i 
Usually the maximum dilution of blood precedes the maximum urine | . 
flow (Fig. 1) and corresponds with the water absorption time in man : 
determined in other ways (Fig. 2). It is also evident that a constant rate 
of urine flow may be maintained while the 1.0.P. of the blood is changing 
considerably (Fig. 1). These observations indicate clearly that the changes 
in urine flow in water diuresis do not depend on the — changes 
in the T.0.P. 
and on the renal excretion of water. If the subject is placed on a mineral- 


Time (minutes) 
0 30 60 90 120 150 180 
0-921] 
[ J T N level 1 | 
Back to normal 
~ New level of total osmotic 
0°04 ‘, produced by mineral starvation 
‘ @Salt-free 


Fig. 3. The effect of water administration and of a mineral-free diet on the 1.0.P. of blood. 3 : 


poor diet for a period of 7 or 8 days and is made to lose salt by sweating, 
there is a fall in the osmotic pressure of the blood to a new level (Fig. 3). 
In two subjects the fall in osmotic pressure amounted to 0-0375 and | 
0-0265 g. NaCl per 100 g. H,O which is greater than the falls in osmotic 
pressure produced acutely in the same subjects by drinking 1 litre of 
water. In a third subject the fall in the T.0.P, was not so great as this 
(0-017) but was greater than the fall in the 1.0.P. produced by drinking a 
_ half-litre of water (0-010). 

These gradual falls in the t.0.P. of blood produced by mineral 3 
starvation do not give rise to a state of diuresis, whereas the acute fall in 
the T.0.P. produced by drinking $-1 litre of water caused a considerable 
increase in the rate - urine flow. 
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If ,aftera period of salt starvation when the'.o.P. of the blood is already 
low, @ dose of water is given there is a further acute fall in the T.0.P. of 
the blood and then, after the usual delay, a diuresis results. It is evident, 
therefore, that the kidneys are able to respond by diuresis to the adminis- 
tration of water, and the absence of diuresis when a low T.0.P. is produced 
by mineral starvation is not to be explained by total loss of the capacity 
to have a water diusesis. Yet it is clear from our results that the organism 
has notretained fully its capacity for diuresis, because in all subjects on a 
mineral-poor diet the rate of urine flow after drinking 1 litre of water 
was much less than in the same subjects when on a normal diet (Fig. 4). 


Rate of urine formation (c.c,/hour) 


0 30 60 90 120, I 
Time. (minutes) 


Fig. 4. The effect of salt starvation on the rate of urine formation. 


In one subject, for example, three successive litres of wales were given, 
Despite this great excess of water in the body the urine flow reached only 
a third of the value attained as the result of one litre either before de- 
privation or after restoration of salt. The urine flows after the second and 
third doses of water were actually less than after the first dose. 

The effect of salt administration on the total osmotic pressure of the blood 
and on the renal excretion of water. Normal subjects were given 500 c.c. of 


5 p.c, salt solution which they consumed in a period of 2 hours, starting 


20 min. before breakfast or lunch. Three hours later the bladder was 

emptied and after this several urine samples and one blood sample were 

collected. The subjects then consumed 1 or 2 litres of water and urine 
5—2 
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-~samples were collected at 10 min. intervals and blood — at oe 
mately 20 min. intervals. 

The changes in urine flow which we encountered resemble those 
described by Baird and Haldane [1922] in that a diuresis sometimes 
but not always followed the administration of water. In the one subject 
where a diuresis was obtained the administration of water was seen to 
have produced the typical fall in the T.0.P. of the blood, but as the T.0.p. 
had been raised previously by giving salt, the giving of water did not cause 
it to fall below the normal range (Fig. 5). 


0-02 
enriched 
0-01 
| Normal level 
000 
Without water 
6 30 60 90 
Time (minutes) 


Fig. 5. The effect of water admini on the .0.P. of blood in the salt-enriched subject. 


It appears from this and the previous section that it is not the actual 
level of the T.0.P. of the blood that determines the onset of diuresis, since a 
diuresis was induced when the T.0.P. of the blood after water drinking was 
not sub-normal and also a low 1.0.P. of the blood due to salt starvation 
did not induce diuresis. 

The effect of salt administration on the total osmotic pressure of the blood 
and on the renal excretion of water in rats. This section was undertaken 
partly to obtain additional evidence on the matter referred to in the 
previous section, and partly to explain some previous experiments made 
on rats. A series of 24 white rats were placed on a uniform diet of dry 
oats with 0-2 p.c. salt solution to drink. Twenty-four hours before making 
an experiment they were given distilled water to drink instead of 0-2 p.c. 
salt solution. | 
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Es A series of 6 rats were placed in small cages and the rates of urine 

_* flow were observed. Their necks were well cleaned with absolute alcohol | 
> and, when the urine flow was normal, they were stunned by a blow on the 

head and about 4 c.c. of blood were obtained by severing the carotid 
arteries with a razor. Coagulation of the blood was prevented by heparin, 
and loss of CO, was prevented by closing the collecting tube with a rubber 
stopper. The T.0.P. of the plasma of these blood samples was then de- 


T.0.P. of blood (p.c. NaCl) 


Diuresis of 2 c.c, per 
100 g. of rat per hour 


Fig. 6. The effect of water administration on the T.0.P. of plasma 
in normal and salt-enriched rats. _ 


Another set of 6 rats were prepared as before but, when the rate of 
urine flow was basal (about 0-1 c.c. of urine per 100 g. of rat per hour), 
each animal was given 5 p.c. of its body weight of warm water by 
stomach tube. The rates of urine flow were observed, and as each rat 

_ attained a rate of 2 c.c. of urine per 100 g. of rat per hour it was killed and 
_ @ sample of blood was collected as before. 

A third set of 6 rats were given 5 p.c. of their body weight of 5 p.c. 
salt solution. The urine flow was increased by this excess of salt, but when 
it subsided a dose of 5 p.c. body weight of water was given. 

Despite the great excess of salt which remained in the body this dose 
of water produced a typical water diuresis, and as the rate of urine flow 
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blood sample collected. 


evidence of a considerable blood dilution after water drinking, the 
average dilution being probably 7 p.c. This finding is supported by a few 
micro-determinations of chlorine and iron in blood samples.taken with 
regional anssthesia of the tail before and after giving water. 
One of the 6 rats which received a dose of 5 p.c. salt solution excreted 
a great part of the salt administered before the salt diuresis ceased. The 
remaining 5 rats retained much of their salt, and when the dose of water 
was given subsequently it did not suffice to bring the T.0.P.’s below the 
normal range of osmotic pressure as judged by the 6 normal rats. Never- 
theless, these salt-enriched rats had a copious water diuresis. It is of 
interest to note that despite the excess of salt in the blood the urine 
excreted after giving water contained a low percentage of salt, in ate cases 
well below the percentage of salt in the plasma. 

In the remaining rats an attempt was made to reduce the T.0.P. of 
the blood by mineral starvation. There appeared to be a slight fall in the 
T.0.P., but the experiments were not as satisfactory as were the corre- 


sponding experiments in man. 
Discussion. 


The composition of the urine depends upon what the kidney does with 
the blood supplied to it. It is evident (Fig. 1) that the characteristic 
delay in the onset of diuresis does not depend on delay in the absorption 


composition takes place. During this latent period the excess of water in 
the blood has not caused diuresis, but later when the degree of dilution in 
the blood is actually less there is a rapid excretion of much watery urine. 
In other words the excretion of watery urine is not caused 
by the excess of water then present in the blood but by a 
change in the kidneys; until this change in kidney activity 
has taken place, despite blood dilution, there is no diuresis. 

In water diuresis the excretion of water in the urine is increased out of 
proportion to any other urine constituent so that the T.0.P. of the urine 
falls well below the T.0.P. of the blood. The greater the urine flow in water 
diuresis the greater is the separation between the T.0.P.’s of the blood and 
urine, and the more work performed in its formation. 

We may deduce then that this change in the kidney 
which is responsible for water diuresis involves $n per- 


attained 2 0.0. per 100 g. of rat per hour, the animals were killed and a — 


The results are summarized in Fig. 6. It will be seen that there is 


of water, for it is in the latent period that most of the change in blood. 
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formance of secretory work and the exercise of selective 
activity: namely, the selective excretion of water. It appears 
more reasonable to consider secretion and selection as attributes of the 
tubule cells rather than of the glomeruli which appear to be filters. There- 
fore we are inclined to think that this functional change responsible for 
water diuresis is located in the renal tubule cells. There seems no escape 
from the conclusion that water diuresis is not the result of an automatic 
excretion of whatever excess of water is then present in the blood. It is 
due to change in the activity of the kidney. This change involves the 
selective excretion of water and is not instantaneous but takes 
time to develop. 

We must now consider the nature of the stimulus that induces the 
change in kidney activity responsible for water diuresis. The central 
problem is whether the excess of water in the blood acts directly upon 
the kidney or through some intermediate mechanism. While the 
direct hypothesis has the advantage of simplicity it has appeared to 
‘many that some of the indirect hypotheses which assume the interven- — 
tion of an intermediary offer a more complete explanation of the pheno- 
mena of water diuresis. Various aspects of this problem are discussed in 
papers by Klisiecki, Pickford, Rothschild and Verney [1933], 
Heller and Smirk [1932] and Smirk [19336]. It has been shown by 
Newton and Smirk [1933, 1934] that the process of water diuresis takes 
place in a normal manner after the removal of the alimentary canal and 
the liver (water given intravenously), the pituitary gland and all the 
brain tissue lying above the tentorium cerebelli which includes the hypo- 
thalamus. These. experiments seem to be irreconcilable with the views 
that 

1. Water passing through the portal system extracts a diuretic 
hormone which is the primary cause of water diuresis [Cow, 1914]. 

2. That water diuresis is controlled by the pituitary gland, the 
changes in the rate of urine flow being an expression of changes in the 
amount of pituitary hormone present in the circulating blood [Motz- 
feldt, 1917; Starling and Verney, 1925; Verney, 1926; Klisiecki, 
Pickford, Rothschild and Verney, 1933]. 

3. That it is the expression of changes in the hypothalamus and 
that this is an essential part of the mechanism for controlling water 
diuresis, | 

It is not suggested or thought that these experiments exclude partici- 
pation of any or all of the above-mentioned mechanisms in the process of 
water diuresis, when it takes place in the whole animal. What we would - 
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emphasize is that, after removal of these organs, the diuresis after giving 
water has not.differed notably from the normal. 

It is quite possible that some other entirely unsuspected intermediate 
mechanism is responsible for water diuresis, but so far we have been 
unable to discover it. Therefore, while remembering that there ) may be an 
unsuspected indirect mechanism, we will turn to the direct h pothesis of 
Haldane and Priestley, that the rate of urine formation is controlled 
by the diffusion pressure of water in blood, in other words by the T.0.P. 
of the blood. Priestley [1921] showed, and his results have been con- 
firmed many times, that after water drinking the electrical conductivity 
of plasma is reduced and there is a fall in the plasma chloride. There was 
reason to believe that there was also, at the same time, a fall in the T.0.P. 
of plasma: that is a fall in the crystalloidal plus the colloidal osmotic 
pressure. Margaria [1930], using Hill’s vapour-pressure method, 
verified this deduction and we have confirmed his findings in this paper. 

There appears to be a constant association between water diuresis 
and dilution of the blood as judged by the electrical conductivity, plasma 
chloride and the T.0.P. of the plasma. While the rate of urine formation is 
not proportional to the degree of blood dilution then present we agree 
with Rioch [1930] that usually diuresis is proportional to the electrolyte 
dilution if we make allowance for a lag of some 20-30 min. 
between the changes in blood and urine. 

But the constant association between dilution of the diffusible con- 
stituents of the blood and water diuresis is not sufficient evidence that 
they are causally related, for such dilution is the logical consequence of 
the absorption of water, provided always that excretion. does not take 
place immediately. Likewise this parallelism with a lag is no evidence of 
a causal relationship, for once a dilution of blood has been established as 
a result of water absorption, the degree of dilution may be expected to 
diminish as the excess of water is excreted. The fact that absorption is in 
advance of diuresis explains the dilution of various blood constituents as 
also the lag between blood dilution and diuresis. Also we have shown 
(Fig. 1) that this parallelism with a lag is not always present. 

_ When we reduced the 1.0.P. of the blood by mineral starvation, we 
were able to maintain for some days a lower level of osmotic pressure 
than we produced by giving 1 litre of water. This gradual change in the 
T.0.P. of the blood when produced by mineral starvation did not cause 
diuresis. It must be emphasized that the fall in t.0.P. from mineral 
starvation indicates an increase in the proportion of water molecules to 
total molecules and that, as after water drinking, there is a fall in the 
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plasma chloride. It appears therefore that it is not the actual level of the 
T.0.P. of the blood that determines the onset of diuresis. 

The converse of this experiment was performed once in man and 
several times in rats. The T.0.P. of the blood was first raised above the 
normal by the administration of salt. It was found that when the T.0.p. 
was reduced again but not below the normal level, by drinking water, a 
diuresis often resulted without there being an excess of water molecules 
in the blood. Again this indicates that water diuresis is not initiated or 
controlled only by the level of the osmotic pressure of blood. This last 
experiment appears to explain the observation of Heller and Smirk 
[1932] that if rats are depleted of 5 p.c. body weight of water or rabbits of 
4 p.c. body weight of water, and then this water is given back to them by 
stomach tube, a diuresis ensues which is not much less than that of 
control animals receiving 5 or 4 p.c. body weight of water without pre- 
vious depletion. 

It seems not unlikely that the change in osmotic pressure is of 
greater importance than the absolute value in determining diuresis. It is 
evident that given time the kidney is able to adjust itself to a limited 
change in its environment, and it may be that it resembles the thermal 
receptors in the skin which indicate a rise or fall in skin temperature more 
accurately than the actual temperature. 

It is of interest that the diuresis after water is much less in mineral- 
starved and in salt-enriched subjects than in subjects with a normal salt 
intake, but we are unable to offer any explanation of this at present. It 
should be noted, however, that equal falls in the 1.0.P. of the blood 
produced by giving equal doses of water caused a smaller diuresis in salt- 
depleted subjects. Must we regard this as evidence that water diuresis 
does not depend upon a sudden change in the T.0.P. of the blood, or must 
we say that mineral starvation so alters the response of the kidney to its 
natural stimulus (an excess of water molecules) that the diuresis is 
greatly reduced ? | 

At present the phenomena of water diuresis seem best interpreted by 
the hypothesis that a mechanism which resides in the kidney is stimulated 
directly as a result of a sudden increase in the proportion of water in the 
blood ; there is however a delay before the kidney responds by diuresis to 
this stimulus. 
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SuMMARY. 


1. Water diuresis is not the result of an automatic excretion of what- 
ever excess of water is then present in the blood. It is due to change in 
the activity of the kidney, and if the glomeruli are filters this change in 
activity must be located in the renal tubules. The change in the activity of 
the-kidney involves the selective excretion of water and requires time for 
its development. 

2. In man a fall in the level of the 1.0.P. of the blood if produced 
gradually by mineral starvation does not induce a state of diuresis. If the 
osmotic pressure of the blood is first raised artificially, a dose of water 
then given may cause diuresis although the 1.0.P. of the blood has not 
fallen below the normal limits. The significance of these findings is dis- 
cussed. 

3. The changes in the T.0.P. of the blood after water drinking enables 
an estimate to be made of the absorption time for water in man. Such 
estimates agree with those previously obtained by the abdomen- and leg- 
weighing methods. 


We wish to thank Prof. A. V. Hill for his advice during the course of the present in- 
vestigation and the facilities which enabled us to make the measurements of vapour 
pressure in his laboratory. We are also indebted to Mr J. L. Parkinson for technical 
assistance. 
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INTRODUCTION. 


A series of investigations made in these laboratories on the formation of 
vitamin A in animals following the intravenous injection of carotene in 
the form of a colloidal suspension in isotonic glucose solution aroused 
curiosity regarding the means by which the pigment is abstracted from 
the blood. The rapidity with which injected lipochrome pigments disap- 
pear from the circulation was remarked upon by van der Bergh, 
Miller and Broekmeyer [1920], who also observed that a large part of 
the absorbed material was to be found shortly afterwards in the liver. 
Retention of injected carotene by the liver was also observed by Wolff, 
Overhoff and Eckelen [1930]. These observations were confirmed in 
this laboratory [Ahmad and Drummond,1931; Rea and Drummond, 
1932; Drummond and Macwalter, 1933], but it was thought desirable 
to obtain more precise information regarding what was apparently 
selective absorption by the liver and to ascertain if possible how it 
occurred, It was at the outset suspected that the extraction of the 
colloidal pigment particles from the blood was effected by the reticalo- 
endothelial cells. 
EXPERIMENTAL. 


Cats under light ether anzsthesia were further dosed with 100 mg. 
per kg. of chloralose injected into the right internal saphenous vein. 
A lobe of liver was then ligatured off and removed for analysis. In some 
experiments the next step was to tie off and remove the spleen but in 
others this organ was left untouched. The colloidal solutions of carotene 


contained approximately 10 mg./100.c.c. Before commencing to infuse - 


the solution a sample of 10 c.c. of blood was withdrawn from the carotid 
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artery and run into an equal volume of alcohol in a weighed flask. Then 
the infusion was made into the internal saphenous vein, the orange- 
coloured solution being admitted to the circulation at the rate of ap- 
proximately 1 c.c. per min. At intervals during the progress of the in- 
fusion 10 ¢.c. samples of blood were withdrawn from the carotid cannula, 
a last sample being taken 5 min. after all the pigment had been intro- 
duced. Finally, the animal was bled to death and the main bulk of blood 


and various organs examined quantitatively for carotene. The minced — 


tissues were dehydrated with anhydrous sodium sulphate and extracted 
with chloroform in an apparatus facilitating rapid continuous extraction. 
The chloroform extracts were brought to a convenient volume and ex- 
amined spectrographically. No trace of carotene was detected in any 
one of the blood samples, even those withdrawn during the injection of 
carotene suspensions containing as much as 0-28 mg. per c.c. Of the 
organs examined, only the liver, lungs and spleen contained measurable 
quantities of the pigment. 

The results of five experiments are set out below in Table I, from 
which it will be seen that the mean of the percentages of the administered 
carotene accounted for by the examination of these three organs is 85-6. 


(Exp. IV is omitted from this calculation as the spleen although present 


was not examined.) 


I, 

I II Ill IV 

Weight in kg 3-00 3-25 3:50 2-90 3-25 
Carotene injected mg 1-200 0-750 0-218 0-985 5-600 
Liver | 0-942 0-532 0-188 0-713 1-143 
Lungs i 0-101 0-090 0-101 3-590 
Spleen Excised before injection — —_ 0-027 

Total recovery 86-9 82-9 87-6 82-6 85-0 


It is clear that in all experiments except No. V the great part of the 
pigment is present in the liver; the mean of the percentages found in this 
organ is approximately 75. Exp. V is of interest because an unusually 
large amount of carotene, 5-6 mg., was injected. Even with this dose no 
trace of yellow colour due to carotene was found in the blood at any stage 
of the experiment. It was found, however, that a considerable proportion 
of the pigment was retained by the lungs and that the amount in the 
liver was not much higher than was found present after the injection of 
1-2 mg. (Exp. I). 

The results seemed to support our belief that the reticulo-endothelial 
_ System operated to absorb the particles of colloidal pigment from the 
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circulation. Convincing evidence was, however, provided by the micro- 
scopic examination of sections of the liver cut by a Valentine knife 
immediately after removal from the body. In several cases the sections 
taken after injection of the pigment clearly showed granules of deeply 
_ orange-coloured material present in the Kupffer cells. No such in- 
clusions were seen in these cells of control sections taken from the lobes 
removed before injection. No carotene was visible in the liver cells 
themselves at any time during the experiment. 


Discussion. 


A systemic vein was chosen for the injection in preference to a branch 
of the portal system so that large particles of the lipochrome would be 
filtered off by the lung capillaries. Should any further precipitation of 
the carotene occur in the blood while on its way to the periphery, then 
the particles should be trapped in capillaries throughout the body. That 
such precipitation did not occur is shown by the absence of the pigment 
from areas such as the kidneys, omentum, and fat; therefore the pigment 
recovered from the liver must have been selectively absorbed from the 
blood. 

~ The concentration of carotene was highest in Exp. V, and it is signi- 
ficant that in this case a large percentage of the pigment was trapped in 
the lungs. This we believe to have been due to plugging of capillaries 
rather than to a true absorption. The smaller percentage absorbed by the 
liver in this experiment is not evidence of a saturation of the capacity of 
the liver to absorb carotene from the blood, for the Valentine knife 
section showed the pigment mainly in the K upffer cells at the periphery 
of the lobules while the cells at the centre contained little. 

To what extent these experiments throw light on the normal mech- 
anism of the retention of carotene absorbed from the intestine is un- 
certain; indeed very little is yet known of the means by which this and 
other lipochrome pigments pass from the intestinal tract to the blood 
stream. Ahmad [1931] has shown that absorption of carotene from the 
gut may be markedly influenced by the proportion of fat in the diet, but 
the impoftant question regarding the manner in which carotene absorbed 
from the gut is carried in the blood remains to be answered. It will be re- 
called that a suggestion was put forward by Palmer and Eckles [1914] 
and Palmer [1915] that the lipochromes are transported in the blood 
stream in the form of complexes with the plasma proteins. The concep- 
tion of “carotin-albumins” was not accepted by van der Bergh and 
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Miller [1920] oa out that simple aqueous colloidal solutions of 
carotene can be prepared which behave in a similar manner to blood 
when subjected to processes for extraction of the pigment. Later 
Palmer [1922] admitted that carotene is not always present in blood as 
association complexes with proteins, but maintained that the behaviour 
of the fat-soluble pigments in the blood of cattle and horses was most 
satisfactorily explained by assuming their existence. It is proposed to 
investigate this matter further. 


SuMMARY. 


Carotene introduced into the circulation in the form of a colloidal 
’ suspension in aqueous solutions is rapidly taken up by the liver. Evi- 
dence is presented to show that it'is absorbed by the Kupffer cells. 


The cost of this investigation was defrayed from a grant made by the Medical Research 
Council, which we desire gratefully to acknowledge. 
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Prior to 1927 the only chemical constituent of plain muscle examined 
with reference to activity of the tissue was lactic acid [Lovatt Evans, 
1925]. Stimulation of frog and tortoise stomach and cat bladder resulted 
in an increase of from 10 to 70 mg. lactic acid per 100 g. tissue (10-600 
p.c. of the amount initially present) ; the recovery process was not studied. 
The existence of phosphagen in plain muscle has been known for several 
years; the presence of creatine phosphoric acid in the stomach of the 
rabbit and frog and in the uterus of the rabbit and guinea-pig was 
demonstrated by Eggleton and Eggleton [1929] and in the stomach 
muscle of birds by Zanghi [1929], while argininephosphoric acid, dis- — 
covered by Meyerhof and Lohmann [1927] in the striated muscle of 
invertebrates, was found also in invertebrate plain muscle by Meyerhof 
[1928] and by Needham et al. [1932]. The latter authors did not study 
the physiological relationships of the phosphagen, but Meyerhof per- 
formed a few experiments which indicated that breakdown of phos- 
phagen occurred during activity of such plain muscle. No attempts to 
demonstrate resynthesis of phosphagen during recovery from fatigue in 
plain muscle, either vertebrate or invertebrate, have yet been reported. 
The work here recorded was undertaken in order to fill this gap. 

The retractor muscle of the foot of Mytilus edulis was chosen as the 


experimental material in preference to a vertebrate muscle owing to the 


completeness with which it can be isolated free from non-muscular 
tissue (such as nerve cells and mucous membrane). This muscle survives 
well under cool, aerobic conditions; it exhibits no spontaneous contrac- 
tions and is uniform in its response to electrical stimulation. 
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The whole muscle, consisting of both anterior and both posterior 
horns, connected through the central portion (the protractor muscle and 
the foot containing the nerve ganglion being cut away), weighed from 


0-25 to 0-5 g. and was therefore of a size suitable for chemical analysis. 


By means of a thread at either end it was attached below to a fixed point 
and above to a suitably weighted lever, so that contraction occurred 
-_isotonically. The stimulus was applied through two nickel mesh electrodes 
at the upper and lower ends of the muscle chamber, the stimulus reaching 
the muscle through the sea water in which it was bathed. In all cases 
where a series of contractions were required, alternating current (50 cycle) 
at 16 volts was used as the stimulus. The amount of current passing 
between the electrodes was of the order of 60 milliamps, of which only a 
small fraction passed through the muscle itself. When a tetanus was being 
evoked, a continuous stimulus was applied and the voltage varied to give 
a maximal response for the longest possible time. In some experiments of 
this type direct current was employed in place of alternating, but no 
gross difference was observed in the effects of the two types of stimulus. 


The sea water was kept stirred by a current of air or of nitrogen and the 


whole muscle chamber immersed in a water bath at 8-12° C. At the con- 
clusion of an experiment the muscle was removed as rapidly as possible 
(not more than 1 min.) and killed by grinding in ice-cold 4 p.c. trichloro- 
acetic acid. The protein-free filtrate was rapidly neutralized with finely 
ground baryta till pink to phenolphthalein and the phosphagen and in- 
organic phosphate content determined as described in a later section. 
The dissection of the retractor muscle is tedious owing to its close 
adherence to surrounding tissues and multiple insertion into the shell. 
The amount of handling involved in freeing it completely seems to be the 
_ most likely cause of the low leval of phosphagen observed in the freshly 
dissected muscle (Table IA). When such a muscle is left to rest for two or 
three hours in aerated sea water the phosphagen is rebuilt (Table IB). 


This phosphagen is, in all probability, argininephosphoric acid (see later) 


and is therefore referred to as sueh in the tables. The average level of 
phosphagen in the freshly dissected muscle is only 11-5 mg. per 100 g. of 
tissue (expressed in terms of P); in the muscles aerated for a few hours it 
has risen to an average value of 24 mg. per 100 g. The total phosphate, 
which expression is used throughout to signify phosphagen + inorganic 
orthophosphate, varies widely in different muscles, but the fraction of 
it in the form of phosphagen appears to be fairly constant (column 3, 
_ Table I) and the difference between the two groups can be more readily 
_ seen by a comparison of this fraction in the two.~In the freshly dissected 
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Taszz I. The argininephosphoric acid content of the retractor 
muscle of Mytilus in the resting state. 


(1) (2) (3) 
phos- 


Tem: tion .P Ratio — 
ture’ C. "hows “on (1)/(1) +(2) 


A. 
20 Freshly 8-7 21 0-3 
dissected 
17 PA 10-5 22-8 0-32 
17 17-2 0-49 
17 os 9-8 24-2 0-29 
B. 
10-12 16-4 5-5 0-75 
15 24-1 6-3 0-79 
15 19-6 5:5 0-78 
9 3 18-5 4-9 0-79 
7-10 4 21-9 5:3 0-8 
30-1 7-2 0-81 
10-12 7-0 0-81 
9 5-4 0-82 
12 4 22-4 3°9 0-85 
6 25-2 3-9 0-86 
6 32:8 0-88 
44 19-1 2-3 0-89 


muscle this fraction is only 0-3-0-5; after a few hours in aerated sea water 
it has risen to 0-8; the muscles are at the same time in much better con- 
dition with regard to their mechanical response to stimulation than those 
freshly dissected. In all experiments therefore the muscles were allowed 
to rest in cool aerated sea water (8-12° C.) for a few hours before use. 
Some inorganic phosphate must undoubtedly be lost to the surround- 
ing medium from the cut ends of the muscle during this process; it is im- 
possible to determine accurately*the extent of this loss, for individual 


muscles vary too widely in their total phosphate content. But the loss is 


small in comparison with this individual variation and there is no indica- 
tion from the figures in Table I that it is continuous; the total phosphate 
content of muscles left 6 hours in sea water is not lower on the average 
than that of muscles left only 2} hours. 

The figures in Table II A show the effect on the phosphagen content of 
the muscle produced by a series of contractions. A stimulus lasting 
15 sec. of the type described above was given once a minute in this first 
series of experiments. The intermittent mechanical response, after the 
initial staircase effect, decreased gradually in size until, at the times noted, 
the muscle failed to contract despite continued stimulation. Analysis — 


_ showed that in such fatigued muscles the ratio of phosphagen to total 


phosphate was only 0-3-0-5 (Table ITA). 
PH. LXXXII. 6 
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_ A second series of resting muscles was stimulated continuously until 
the sustained mechanical response (of tetanus form) fell to zero, in spite 
of an increase in the strength of stimulation. The actual times of length 
of response recorded in Table IIB cannot be accurately compared since 
the strength of stimulus and consequent magnitude of mechanical re- 
sponse was not identical in all cases. In these muscles tetanized to ex- 
haustion the ratio of phosphagen to total phosphate varied from 0-46- 
0-67. 

‘Taste II. The effect of fatigue on the argininephosphoric acid 
content of the retractor muscle of Mytilus. 
(1) (2) 
oric acid hate 


of 
stimulation Gas used: . P per . P per Ratio 
min. for stirring "400 g. (1)/(1) +(2) 
A. 165 sec. stimulus (16 v. 4.c.) once per minute. 
120 Air 94 8-2 0-53 
180 None 12-8 12-1 0-52 
60 17-5 18-2 0-49 
120 - one 12-4 13-2 0-48 
60 . 13-0 15-7 0-45 
75 None 10-2 14-6 0-41 
210 Air 63 14-7 0-3 
B. Continuous stimulation (variable voltage, a.c. or D.C.). 
12 15-6 7-2 0-67 
4 * None 16-2 8-3 0-66 
10 N, 15-1 79 0-65 
5 None 8-2 0-6 
23 Air 16-2 12-6 0-57 
12 9-1 0-55 
10 8-6 7-4 0-54 
12 12-8 14-7 


The results, though not as striking as those obtained with skeletal 
muscle, in which the ratio of phosphagen to total phosphate can fall from 
a resting value of 0-8 to a value of 0-1 in extreme fatigue, prove beyond 
doubt that when fatigue is induced in a previously resting plain muscle, 
phosphagen disappears and inorganic phosphate appears. The figures in 
Table IT reveal a further similarity between the processes occurring in the 
two types of muscle; in this, as in skeletal muscle, appreciable quantities 
of phosphagen are present even when the muscle is so fatigued that it 
fails to respond mechanically to further stimulation. It is possible that 
lactic acid accumulation is responsible for this failure, but there may be 
other, at present unknown, physical or chemical changes occurring which 
prevent further contraction. In this muscle, as in skeletal and cardiac 
muscle, complete absence of phosphagen has only been observed when the 
muscle is dead, 1.e. incapable of recovery. 
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The question arises, is the breakdown of phosphagen which we have 
found to be associated with fatigue of the muscle irreversible and merely 
indicative of approaching death of the tissue, or is the chemical change to 
be interpreted as a genuine physiological accompaniment of the me- 
chanical change? The latter alternative is favoured by the observations, 
summarized in Table III, which show that completely exhausted muscles, 
allowed to rest under aerobic conditions for 2-3 hours, recovey not only 
their full mechanical response but also their phosphagen content. The 
figures in Table III A were obtained from muscles which had been fatigued 
in the same way as those recorded in Table II A; that is to say, they were 


initially in a resting state with a phosphagen : total phosphate ratio of 


about 0-8 which fell to about 0-45 as a result of fatigue. One hour’s 
subsequent aeration restored this ratio to 0-65, while two or more hours 
of such treatment fully restored it to the initial resting value of 0-75- 
0-84. That this increase in the ratio of phosphagen to total phosphate 


Taste III. The argininephosphoric acid content of the retractor muscle of Mytilus 
after recovery (aerobic and anaerobic) from fatigue. 


.P Ratio 


A. Aerobic. 
1 128 0-65 
2 30-7 9-9 0-75 
2 18-1 45 0-8 
3 24-5 5-9 0-8 
3 26-4 5-0 0-84 
4 22-2 5-9 0-79 
B. Anaerobic. 
1 18-3 15-0 0-55 
2 19-6 14-6 0-57 
2 12-5 14-9 0-45 
2 14-8 14-2 0-51 


is not due merely to diffusion away of the inorganic phosphate formed 
during activity is seen by comparison of the actual amounts of phos- 
phagen present in the two series. In the fatigued muscles (Table IT A) the 
phosphagen content had been reduced to 11-5 mg. P per 100g. on the 
average; in such muscles allowed to recover completely under aerobic 
conditions the phosphagen content had risen to 24 mg. P per 100 g. 
Rest alone, in the absence of oxygen, failed to promote resynthesis of 
phosphagen in any comparable degree; in view of the fact that the nitro- 
gen used was not purified and therefore almost certainly contained traces 
of oxygen, the slight increase in the phosphagen content of the muscles 
6—2 
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under these conditions (a ratio of 0-45-0-57 as compared with one of 
0-3-0-54 in fatigued muscles) may well have been due to this impurity. 
It is not impossible, however, that a small amount of anaerobic resyn- 
thesis occurs as in skeletal muscle. This partial resynthesis of phosphagen 
oe (about 30 p.c.) in the mechanical 
power of the muscle. 


IDENTITY OF PHOSPHAGEN PRESENT IN Mrv7iLvs MUSCLE. 


Recently, Bald win [1933] has suggested the possibility of the exist- 
ence of a phosphagen other than argininephosphoric acid in inverte- 
brate muscle, on the basis of the different rate of acid hydrolysis en- 
countered in some species (Octopus vulgaris, Eledone moschata). Arnold 
and Luck [1933] have also postulated the presence of an argininephos- 
phoric acid compound different from phosphagen, in some invertebrates 
(Lumbricus, etc.), since acid hydrolysis at room temperature resulted in 
the liberation of inorganic phosphate whereas boiling the solution did not. 
It was considered advisable therefore to ascertain the behaviour of the 


phosphagen present in the retractor muscle of Mytilus towards acid 


hydrolysis. 

In view of the inconstancy of the results obtained on acid hydrolysis 
of crude muscle extracts [Meyerhof, 1928], the phosphagen was first 
separated in the form of its barium salt (alcohol precipitation after 


separation of water-insoluble barium salts). This was then hydrolysed in — 


N/10 or N/100 HCl at 28° C. for varying periods of time (up to 70 p.c. 
hydrolysis). Its hydrolysis constant, calculated from the equation for a 
monomolecular reaction, was 8 x 10-* in N/10 and 85x 10- in N/100 


acid. This hydrolysis constant is similar to that found by Meyerhof | 


and Lohmann [1928] for a pure preparation of argininephosphoric acid ; 
its maximum rate of hydrolysis occurred in N/100 HCl, the constant 
being 8-5 x 10-**. The effect of molybdate on the rate of hydrolysis was 
also similar in the two cases; a thirtyfold reduction was observed, the 
constant in V/100 HCl+0-3 p.c. molybdate being only 2°7 x 10-*. The 
hydrolysis rate of phosphagen in crude muscle extracts was greater in 
N/10 HCl (k=7 x 10-*) than in N/100 HCl, @ result also in agreement 
with that obtained by Meyerhof on muscle extracts from the inverte- 
Holothuria, Pecten and Sipunculus (k=5- ‘4-7-7 x10-* in N/10 
Cl) 

The phosphagen described by Baldwin [1933] as a possible new 

member of the series possessed distinctly different properties. Its 
* Calculated from the measurements given by these authors. 
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minimum hydrolysis constant occurred in N/10 HCl (5x 10-*) and the 
hydrolysis rate was reduced only fourfold by the presence of molybdate. 

Although the phosphagen present in the retractor muscle of M ytilus 
has not been isolated, it seems highly probable, from the results given 
above, that it is argininephosphoric acid. 


METHOD OF ESTIMATION OF ARGININEPHOSPHORIC ACID. 
The method originally proposed by Meyerhof and Lohmann [1928] 


for the estimation of argininephosphoric acid in invertebrate muscle was 


shortly afterward modified by Lohmann [1928], and since that time 
has remained the standard method for determination of this phosphagen. 
In the original method a protein-free acid extract of muscle was hydro- 
lysed at 37° C. for 15 hours and the orthophosphate liberated taken as a 
measure of the argininephosphoric acid initially present. Lohmann 
subsequently showed that at 37° C. pyrophosphate is also hydrolysed to 
some extent in the strength of acid used, and recommended incubation at 
28° C. in N/20 acid for 15 hours. Under these conditions he found that 
added pyrophosphate was untouched and assumed that the adenosine- 
triphosphoric acid (adenylpyrophosphate) present in the muscle would 
behave in the same way. 

This method is unsatisfactory from two points of view: a 15-hour in- 
cubation time (extended to 20-24 hours by most workers for the sake of 
convenience) is tedious and unsuited to such extensive series of determina- 
tions a8 are necessary in any quantitative study of the behaviour of 
argininephosphoric acid during physiological activity of the muscle; and 
secondly, there is no convincing proof that the phosphate liberated during 
such hydrolysis comes only from argininephosphoric acid. The exact 
position of the pyrophosphate radicle in adenosinetriphosphoric acid is 
unknown; and, since a muscle extract fails to exhibit certain properties 
characteristic of pyrophosphate solutions (for example, Davenport and 
Sacks [1929] showed that a muscle gave no distinctive blue colour with 
the Folin phosphate reagents, whereas pyrophosphate added in small 
amount produced the reaction), the conditions of its hydrolysis may well 
differ from those of simple pyrophosphate. If this were so, then the values 
obtained for argininephosphoric acid would be too high and apparent 
variations in its content in the muscle with changes in physiological con- 
dition would differ from the real changes to some unknown extent. 

These difficulties are overcome if the argininephosphoric acid is 
separated, before hydrolysis, from the ortho- and pyrophosphates. The 
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separation is carried out by means of their barium salts exactly as in the 
case of creatinephosphoric acid [Eggleton and Eggleton, 1929] and the 
soluble barium argininephosphate, freed now from the “ pyrophosphate,” 
can be hydrolysed in a few minutes by boiling in acid solution. An ad- 
ditional difficulty present in the case of Mytilus muscle is incidentally 
overcome by the use of this technique, for the muscle contains some sub- 
stance which forms an opalescent solution in trichloroacetic acid, and this 
prohibits the direct estimation of phosphate by colorimetric methods. 
The substance in question is, however, carried down in the barium phos- 
_ phate precipitate, and in the estimation of the orthophosphate content of 
this fraction is again carried down by the barium sulphate precipitate 
and so removed before the colorimetric reading is made. 

The method appears to be as accurate in the case of argininephos- 
phoric acid as it was shown to be in that of creatinephosphoric acid. The 
barium salt of argininephosphoric acid is completely water soluble. In 
two experiments the residual barium phosphate precipitate was washed 
several times with barium trichloroacetate; the first washing extracted 
2-3 p.c. of the total barium argininephosphate originally present, the 
second washing yielded a further 1 p.c. and subsequent washings con- 
tinued to extract only traces of some ester hydrolysable by acid as in the 
original method. 

Hydrolysis in V/10 HCl of the argininephosphoric acid in the soluble 
barium fraction is complete in 3 min. at 100° C. This was shown to be so 
in several experiments, for more prolonged boiling (up to 10 min.) failed 
to cause any further increase in the figure. In three experiments the 
orthophosphate liberated by 3 min. boiling was compared with that 
produced by 24 hours’ hydrolysis at 28° C. and found to be identical. 

The completeness of the separation of the barium salts was for a 
while in doubt, since the insoluble barium fraction, however frequently 
washed, yielded small amounts of extra inorganic phosphate after 
hydrolysis in N/20 trichloroacetic acid at 28° C. The same result was 
obtained, however, when frog muscle, which contains no argininephos- 
phoric acid, was used, and it appears that the “ pyrophosphate” fraction 
of either vertebrate (frog) or invertebrate (lobster, Mytilus) muscles is 
hydrolysed to a small extent during 15 hours in N/20 trichloroacetic acid 
at 28° C. The constant of hydrolysis under these conditions-is approxi- 
mately 4-5 x 10-5. Comparison with sodium pyrophosphate showed that 
this also is hydrolysed to a slight extent under the same conditions, its 
rate of hydrolysis being approximately half that of the muscle a cheil 
phosphate. 9 
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SuMMARY. 


1. In the resting aerated retractor muscle of M ytilus edulis the ratio 
of phosphagen to the sum of phosphagen and i inorganic phosphate is 0-8. 

2. Fatigue induced by a series of contractions reduces this value to 
0-45 and by a tetanus to 0-6. 

3. Rest under aerobic conditions restores the phosphagen content of 
such fatigued muscles to its original resting level, full mechanical recovery 
occurring at the same time. Under anaerobic conditions the ratio re- 
mains practically unchanged after the same period of recovery and the 
power of mechanical response is restored to only a slight extent. 

4. It is concluded that phosphagen bears the same close relation to 
activity in this plain muscle as it has previously been shown to do in 
skeletal and cardiac muscle. 

5. The behaviour of the phosphagen present in Mytilus muscle to- 
wards acid hydrolysis resembles closely that of argininephosphoric acid. 

6. A method for the rapid estimation of argininephosphoric acid is 
described, based upon its separation from pyro- and orthophosphate 
before hydrolysis. 

7. Both sodium pyrophosphate and muscle “pyrophosphate” are 
hydrolysed to a slight extent in N/20 acid at 28° C., the rate of hydro- 

lysis being roughly twice as fast in the latter case as in the former. 


I wish to express my gratitude for the hospitality of Dr E. J. Allen at the Marine 
Biological Station, Plymouth, where the greater part of the work was done. My thanks are 
also due to Dr L. E. Bayliss for help in setting up the muscle chamber and to Dr F. R. 
Winton for valuable help and criticism throughout the course of the work. 
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THE AFTER EFFECTS OF SUDDEN CHANGES IN 
STIMULATION RATE UNDER DIFFERENT 
CONDITIONS OF ANAZSTHESIA. 


By GRACE BRISCOE. 


(From the Physiological Laboratory of the London School of 
Medicine for Women.) 


(Received May 8, 1934.) 


Recent work has made it clear that executant nerve-muscle units 
receive trains of impulses from the spinal cord, the only variable being the 
spacing between the impulses [Adrian, 1930]. It is of interest to enquire 
if the result of a given train of impulses has any effect on the response to 
an aftercoming train of different frequency when these trains follow each 
other without pause. It will be shown that the nature of the response to 
@ given strength and rate of stimulation is dependent on the previous 
activity or degree of recovery from activity in the test muscle. 

Two types of stimulation rates have been used, slow rates (20-35 per 
sec.) and fast rates (130-160 per sec.). The effects due to sudden change in 
stimulation rate have been studied in peripheral preparations of mamma- 
lian muscle with intact circulation. These effects fall under two heads, the 
muscle either lengthens or shortens. Since the terms “lengthening” and 
“shortening” reactions, “inhibition” and “facilitation” have all ac- 


quired special meanings, the non-committal terms of “depression” of 


contraction and “accretion” of contraction will be used to indicate 
greater or less length. The effects are conditioned, and can even be 
reversed, by the state of anesthesia existing at the moment of trial. 


METHODS. 


The quadriceps muscle of the cat has been used mainly, tibialis and 
soleus muscles occasionally. After denervation of the.limb by section of 
the main nerve trunks, the thigh is held vertically by a drill through the 
lower end of the femur, and the movement of the leg recorded by a thread 
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attached to the patellar tendon. There is no disturbance or exposure of — 
the muscle and care is taken not to interfere with the blood supply. The 
nerve is excited by the discharges of a neon lamp flashing circuit 
[Briscoe and Leyshon, 1929], and sudden changes of rate are secured 
by plugging a resistance in and out of the charging circuit. Removal of 
the resistance only increases the rate of flashing, it makes no appreciable 
difference even with the fastest rate used to the quantity and shape of 
each individual discharge of the condenser, as tested by the cathode 
ray oscillograph [Leyshon, 1930]. The rates used are inscribed simul- 
taneously with the muscle tracing by means of a telephone frequency 
recorder devised by Leyshon [1931]. For a double preparation the dis- 
charges are led through the primary coil of an induction apparatus and 
two secondary coils are used, one on either side of the primary coil. For 
stimulation, the cut nerve is threaded under and over silver wire electrodes 
and the attached thread is secured to the electrode holder by plasticine, 
so that the nerve does not slip and is maintained at a slight constant 
stretch. The nerve is shielded and kept warm by a flap of skin. The 
stimulating currents all flow through the nerve in the same direction, the 
cathode being next the muscle. 


THE ANASTHESIA. 


It has been found that in cats a combined anesthesia of dial and ether 
produces a comparatively steady state in which the changes ensuing on 
sudden alterations of stimulation rate can be repeated not only in the 
same preparation, but in different preparations. A dose of dial (0-5 c.c. 
per kg.) is given intraperitoneally and during induction ether is also 
given. After a short period (10-20 min.) it is usually possible to dis- 
continue the ether and the preparation remains anesthetized for several 
hours. The corneal reflexes and knee jerks remain active, there is, usually, 
no exaggeration of muscle tone in the intact limbs and peripheral nerve 
muscle thresholds for recordable movements are very constant, unless 
modified by prolonged stimulation. The reactions can be shown under 
etheralone if the anesthesia be kept light (corneal reflex lively), but this 
requires continual attention, and peripheral thresholds rise and fall — 
according to the depth of the anesthesia. A coarse tremor in the con- 
traction of the muscle sometimes develops under ether, occasionally | 
under dial-ether, and the depressions with slow rates are then not well 
shown as a steady contraction cannot be obtained with submaximal 
stimulation. Under dial only the onset of contraction in response to a 
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slow rate is less precipitate, and the muscle in response to a fast rate 
shows “‘fatigue” more slowly than under ether (Figs. 3 and 4). Depres- 
sant effects on change of rate are less readily obtained than under the 
combined anssthesia of dial and ether. In the intact limbs accentuation 
of extensor tone may be found. © 


Under deep dial the corneal reflex may be slow, or even absent, yet prolonged contrac- 
tions can be maintained in the quadriceps. Similar absence of the corneal reflex under deep 
ether would be accompanied by inability to maintain any contraction for more than a few 
seconds. 

RESULTS. 


The depressions and accretions of contraction resulting from change 
of stimulation rate are conditioned not only by the state of anzsthesia, 
but by the strength and frequency of the slow and fast rates and also by 
the length of time each rate is allowed to act. 

In order that the effect of different anesthetic conditions might be 
studied, and comparisons made more profitably between different pre- 
parations, a standardized method of testing the muscle has been adopted. 
For the slow rate the lowest frequency compatible with fusion has been 
used, and for the fast stimulation the rate has been increased approxi- 
mately fivefold. These rates are alternated in 5-sec. spells at three 
different strengths: I, sufficient to produce partial extension of the leg; 
II, sufficient for full extension; III, double or treble strength II. All the 
shocks are quite mild, as strength III may be trebled without being 
perceptible to the tongue. 


The fusion rate itself is a variable depending on: (a) The muscle used. Soleus can be 
maintained in a steady contraction by rates well below 20 per sec., while tibialis usually 
requires rates from 35 to 45 per sec. (b) The strength of stimulation used. In a previous 
investigation on maintained contractions in the quadriceps [Briscoe, 1931] the majority of 
fusion rates lay between 20 and 25 per sec, In the present investigation the majority of 
fusion rates (using the same technique for stimulation and recording) lie between 25 and 30 
per sec. This difference is probably due partly to the fact that only stimuli of strength II, 
just sufficient for full extension, were used in the first study. It has been found in the present 
work that strength III (double or treble I) sometimes disclosed the stimulus rhythm and 
an increase in rate was needed to obtain fusion. (c) The duration of the stimulation. Mere 
continuance of a maintained contraction tends to lower the fusion rate; to quote an extreme 
example, it was found that the rate to quadriceps nerve could be reduced from 23 to 14 per 
sec. after the leg had been held in full steady extension for 1 hour. In the present experi- 
mente prolonged contractions have not been.aimed at, probably another factor accounting 
for the higher average fusion rates in this work. (d) The anzsthetic, In 1931 the anesthetic 
mainly used was dial, and it was noted that the addition of ether to the anzsthesia might 
cause a disclosure of the stimulus rhythm. In the later work a combination of dial and 
ether has been used in most of the experiments. In five consecutive dial only preparations 
the average fusion rate was 27-2 per sec., in five consecutive ether only preparations the 
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average was 29 per sec, The fusion rate in one quadriceps under dial only was 28 per sec., 
when the quadriceps of the other leg: was tested after ether had been given its fusion rate 
was 32 per sec. Under ether only a stimulus rhythm at 30 per sec. could just be read in the 
27-5 per sec. 


Depressions of contraction following change of stimulation rate. 
Two types of depression will be described : (a) with stimuli of strength 
I depression occurs when the rate is suddenly reduced; (6) with stimuli of 
strength III depression occurs when the rate is suddenly raised. 


Fig. 1. Cat. Quadriceps. Dial and ether anzsthesia. In all tracings contraction is down- 
wards and negative pole next the muscle. Upper signal, electrode curcuit. Line rises 
when circuit made. Lower, frequency recorder, enlargement in line indicates when fast 
rate used. Slow rate 30 per sec. Fast rate 165 per sec., same strength. A, strength I. 
Potential divider 1-8. Control curve of uninterrupted slow stimulation given first, then 
with same strength, slow and fast rates are alternated in 5-sec, spells. B, strength IT. 
Potential divider 2-1. Little change on alternation of rates. C, strength IIT. Potential 
divider 4, Marked depression with second and third fast spells and recovery with slow 
rate. 


(a) When the quadriceps holds the leg in partial extension due to 
weak slow stimuli, a sudden change to a fast rate of equal strength 
causes an increase of contraction. On return to the slow rate the leg falls 
back to a position less than its original extension. Repetition of fast 
spells accentuates this depressant effect for slow rates (Fig. 1A). Neither 
tate tested alone in resting muscle produces such swift relaxation, but 
alternation of rates has that effect. Alternation of rates at strength II 


produces little pens (Fig. 1B). 
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(b) When the quadriceps is holding the leg in as full extension as is 
possible with slow stimuli of strength III, a sudden raising of the rate 
causes an increase of contraction, if the stimulation has only lasted a few 

seconds. If the stimulation has lasted 20-30 sec. the abrupt raising of the 
- rate causes a sudden depression of contraction, which is restored as soon 
as the slow rate is resumed (Fig. 1C). Repetition of the change of rate 


Fig. 2. Quadriceps. Dial and ether. Upper signal, frequency recorder. Lower, time in 
_ seconds, A, reversal of type of depression with continuous stimulation. At the first 
arrow stimulation starts with submaximal slow rate, potential divider at 2-3. Slow and 
fast rates alternated, sudden depression on reverting to the slow rate. Recovery begins 
quickly, as strength is only just below that required for full extension. At the second 


arrow the potential reading is increased to 2-6, extension becomes full and little | 


depression after fast spell. At the third arrow potential increased to 6. Rapid de- 
pressions with fast rate, preceded by brief excitatory effect. Contraction recovers 
and is maintained on reverting to slow rate. At the fourth arrow, stimulation off. 
B, control curve of submaximal slow stimulation, taken 37 sec. after close of trac- 
Time, 0-2 sec. 


gives more pronounced effects and the curve of relaxation (shown with 
fast records) due to increase of rate may be as speedy as that due to 
cessation of all stimuli. 
Depressions of both types can be shown in flexor muscles, but the 
frequency of both slow and fast rates has to be increased. A rate of 
_ 40-45 per sec. is suitable for maintaining a smooth contraction in tibialis 
anticus. If the nerve to quadriceps and the nerve to tibialis are excited 
simultaneously from the same source so as to receive the same alterna- 
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tions of rates, opposite effects can-be shown in the two muscles: For 
example, extensor receives stimuli of strength III, flexor, stimuli of 
strength I. When the rate is raised, extensor relaxes while flexor shortens 
further; when the rate is slowed, extensor shortens and flexor relaxes 
(Briscoe, 1932]. 

The reversal of depression depending on intensity of stimulation can 
be shown simultaneously in similar muscles if both quadriceps are pre- 
pared, To give an example, one secondary coil was placed 17 cm. and the 
other 25 cm. from the primary coil to obtain reciprocal effects on alter- 
nations of rates in the two legs, one quadriceps (secondary 25 cm.) relax- 
ing with the slow rate while the other (secondary 17 cm.) shortened, and 
vice versa with the fast rate. This observation is important as it excludes 
changes due to internal environment, such as variable depth of anzs- 
thesia, or to difference in type of muscle used. 

Reversal of the type of depression can be shown in a continuous 
tracing by increasing the potential supplied while stimulation is in 
progress (Fig. 2). In this tracing depression with fast spells during stimu- 
lation at strength III is well marked, but the preliminary excitatory 
effect of the fast rate is seen to be more persistent than in Fig. 1. 


The recovery from depressant after-effects. 

The depressions caused by fast stiniuli following low frequency stimuli 
of strength III are progressive. The depressions of contraction seen when 
slow rates of strength I follow fast spells are transient and disappear 
slowly or quickly according to the condition of anesthesia. In Fig. 3A it 
will be noticed that the emergence of contraction after such depression 
takes longer than the establishment of contraction from a resting condition. 
At any‘moment during the recovery process the muscle can be brought 
into full contraction by reverting to the fast rate, or it can be restored 
to its original amount of contraction by a slight strengthening of the slow 
rate (Fig. 2). The block isrelative and easily surmounted. After 
a pause for complete recovery the nerve is stimulated by short spells of the 
slow rate by opening and closing the electrode ciréuit every second or so 
(Fig. 3B). A number of short tetani of even depth result. A spell of the 
same stimuli at a faster rate is now applied to the nerve for three to five 
seconds. Immediately this tetanus is over, the same short spells of slow 
frequency stimuli are applied. The first spell may not elicit any answer, or 
a very small one, the second will produce a larger one, the third still 
better, till eventually tetani of the same depth as in the controls are 
obtained. 
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Fig. 3. Quadriceps. Ether only. Slow rate 30 per sec., fast rate 155 per sec. Upper signal, 
frequency; middle, line falls when circuit made. Lower, time in seconds. A, continuous 
bmaximal stimulation. Depression due to change of rate after 5-sec. spell of fast stimu- 


lation. Recovery curve is tremulous, temporary setback after 1-sec. fast spell. B,same — 


strength of stimuli. Short tetani of slow stimuli before and after 5-sec. spell of fast rate. 


Fig. 4. Quadriceps. Dial only. Extensor tone in intact limbs, with occasional extensor 
spasm and outspreading of claws. Slow rate to cut nerve, 32 per sec.; fast rate 145 per 
sec. Fusion rate in this muscle was unusually high. Upper signal, line falls when circuit 
made. Lower signal, frequency, enlargement with fast rate. A, conti bmaxima! 
stimulation. Depression due to change of rate after 30-sec. spell of fast rate. Recovery 
curve is tremulous. B, | min. later. Tremor has disappeared, recovery is complete. 
Same‘strength of stimuli. Short tetani of slow and fast rates alternated. White dots 
show when slow rate is used, crosses for fast rate. After 30-sec. spell of fast rate, practi- 
cally no reply to slow rate, good contraction with fast rate. Gradual recovery under 
continuous slow stimulation. 
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No general rule can be given as to the time which should elapse before 
the muscle can be considered to be “resting.” Each preparation must be 
tested to find out the necessary period for recovery under given condi- 
tions of stimulation and anesthesia. In Fig. 3 the anesthetic is ether and 
marked depression is shown after a 5-sec. spell of the high rate. In Fig. 4 
the anzsthetic is dial only, and a 30-sec. spell of fast stimuli is necessary 
to produce a similar depression (in this preparation a 5-sec. fast spell had 
no depressant after effect). The tremulous character of the recovery curve 


Fig. 5. Quadriceps. Dial and ether. Four submaximal tetani on fast stimulation rate 
from neon lamp, followed by maximal contraction producing full extension for 21 sec. 
on slow rate from induction apparatus. Immediately after slow spell same fast stimuli 
as before produce smaller contractions. Time in seconds. } 


will be noted, this feature disappears as soon as recovery is ‘ctaphee, I In 
Fig. 4B short tetani of slow and fast rates are tested in turn as controls. 
After a half-minute spell of fast stimuli, there is practically no response 
to a short spell of the slow rate, while the response to the fast rate is but 
slightly impaired. The block is selective, stimuli of a certain 
(submaximal) strengthareineffectiveatslowrates, effective 
at fast rates. There is, temporarily, an apparent rise of threshold for 
weak slow stimuli. 

Are the swift relaxations seen with fast stimulation of strength ITI 
also due to depressant after effects of previous activity? It is well known - 
that continuous stimulation of a nerve with fast stimuli leads eventually 
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to relaxation of its muscle. But this familiar “fatigue” relaxation is very 
different from that shown here. By a sudden increase of rate as much 
relaxation may take place in one-tenth of a second as would take several 
seconds if the same fast rate had been supplied to the nerve of resting 
muscle, Attempts to duplicate the events shown in Fig. 3B by inserting a 
spell of slow stimuli of strength III between short tetani caused by fast 
stimuli showed that fast spells have a depressant effect on further fast 
spells if spaced too closely. Resting periods sufficiently long to allow for 
recovery must be givén between each fast spell to secure a control series 
of curves of even depth. A definite depressant after effect can be shown 


by making the slow stimuli stronger and the fast stimuli weaker (Fig. 5). 


This can be done by delivering one set of shocks from an induction 
apparatus and the other from the neon lamp, or by using two sets of 
induction apparatuses, interrupted at different rates. 


Fig. 6. Transition from accretion to depression. Quadriceps. Dial anesthesia. Extensor 
tone present in intact limbs. Five seconds of slow rate (28 per sec.) followed by dif- 
ferent lengths of fast rate (160 per sec.). Pauses of 1 min. before each trial. Curves 
taken in random order shown. A, 1-sec. spell fast rate—after effect, accretion of con- 


traction. B, 10-sec. spell fast rate—after effect, depression of contraction. C, 2-sec. spell _ 


fast rate—after effect, accretion of contraction. D, 20-sec. spell fast rate—after effect, 
marked depression, beginning of recovery shown. E, 5-sec. spell fast rate—after effect, 


depression very slight and transient. F, Control curve before final trial. G, 4-sec. spell 


fast rate, no after effect. 


Accretion of contraction following fast rates. 


Under certain conditions a temporary increase in the amount of con- 


traction produced by a weak slow rate can be shown following a spell of 
fast stimulation. 


(a) The fast stimulation must be brief, Fig. 6 shows the transition 
from accretion to temporary depression of contraction as a result of pro- 
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longing the fast spell. Control curves of uninterrupted slow stimulation 
were taken before each trial. 

: (b) The fast stimuli must be applied in the early stages of a main- 
tained contraction. If tried later the same period of fast stimulation will 
produce a depressant after effect. 

(c) Dial anesthesia is favourable for showing this excitatory after 
effect. A condition of enhanced extensor tone is found fairly frequently 
in dial anesthesia and may be seen as a passing event in light ether or 
dial-ether anesthesia. A definite sensation of resistance and subsequent 
yielding is felt when the knee on the intact side or the forelimbs are | 
passively flexed. While this general extensor tone is present weak slow 
stimuli are less easily depressed by the after effects of fast stimulation. 
The spells of fast rate have to be repeated or prolonged to obtain marked 
depression (Fig. 4). If the anzsthesia be deepened sufficiently with ether 
to diminish extensor tone in the intact limbs results similar to those 
shown in Figs. 1 and 2 are obtained in the experimental muscle. With deep 
dial anesthesia accretion after very short fast spells may still be obtained 
though the intact limbs are toneless (Fig. 8 A). 

Decerebrate preparations. 

The depressions caused by alternation of rates are first demonstrated 
under ether, or combined dial and ether anzesthesia, using the standardized 
slow and fast rates in the three different strengths. ; 

The decerebration is carried out by the trephine method with as little 
disturbance as possible, the electrodes are left in position, and within a 
few minutes of decerebration the test rates are tried again. It has been 
found that when marked or moderate extensor rigidity develops in the 
intact limbs, the effects of weak slow stimuli applied to the cut nerve are 
not depressed but strengthened by the after effects of short fast spells, 
so that accretion of contraction occurs, even though depressant effects 
have been shown with the same stimuli just before decerebration (Fig. 7). 
This alteration in response is seen best when the onset of rigidity is 
progressive and occurs within a few minutes of decerebration. Sudden 
violence or marked delay in onset are not so favourable. Control curves 
of uninterrupted slow stimulation should be taken. If it is found that a 
partial extension is not steadily maintained, then depression rather than 
accretion will be seen on alternation of rates. If for any reason, ¢.g. 
administration of more ether, the decerebrate tone temporarily wanes, or 
if the rigidity be lessened by exposure of the brain stem to cold, depres- 
sion may be shown again in the denervated mae it rigidity is — or 
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fails to develop the curves show much the same picture as before de- 
cerebration. Accretion is not seen but there may be a lessening of the 
depressant effect. These results have been seen whether ether alone or 
combined ether and dial were the preliminary anzsthetic. 


In acute spinal preparations the results resemble those obtained - 


under deep anesthesia. Stimuli which just before transection have 
produced excitatory after effects (decerebrate rigidity being present in 
the intact limbs) will after transection produce depressant effects. 


Fig. 7. Quadriceps. Dial and ether. Slow rate 26 per sec., fast rate 155 per sec. A, sub- 
maximal curves (potential divider 0-9) taken just before decerebration at 2.50 p.m. 
The muscle had been in use since 11.40 a.m. B, 2.56 p.m. Rigidity appearing, 0-9 now 
gives curves of strength II type. C, 3.2 p.m. 0-6 gives submaximal contraction. Before 
decerebration 0-6 gave no response. No depression on alternation of slow and fast 
rates. D, another preparation. Preliminary ether, no dial. ee 

_ present. Contraction improves after 5-sec. fast spells. 


Reversal of after effects with ether. 


If a well-marked excitatory effect is present, showing accretion of 
contraction after a brief fast spell, a small quantity of ether added to the 
ansesthetic can reverse this result and produce a depression with the same 
conditions of stimulation (Fig. 8). In the first few seconds of ether ad- 
ministration tone in the intact limb may be heightened and accretion of 
contraction may be well marked in the experimental limb. This stage 
passes on quickly to one of general relaxation of tone and of depressant 
effects after fast spells. Events on the two sides do not always run 
parallel, as depression may appear in the denervated limb while the 
intact limb is still passing through the stage of increased tone. Changes in 


tone as shown by extensor resistance to flexion can be recorded by a 


simple graphic method recently described [Briscoe, 1934]. 
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Fig. 8. Dial anesthesia, rather deep, no extensor tone. Fusion rate 27 per sec. In each case 


5 sec. of slow rate followed by 2 sec. of fast rate, then slow rate resumed. A, before 
giving ether. Accretion after short fast spell. B, 30 sec, after starting ether. No 
accretion. Same stimuli, C, 10 sec. later. Depression after fast spell. After this re- 
sponses to slow and fast stimuli rapidly diminished. D, 4 min. after ether started. 
Strength of stimulus raised from 2-7 to 2-9 to obtain same size contraction as in control. 
Depressant effect after fast spell. 


Fig. 9. Dial anesthesia. Fusion rate 28 per sec. All stimuli of same strength, double 
that necessary to produce full extension, slow rate interrupted after 10 sec. by 5-sec. 
spell of fast rate. Arrow denotes cessation of stimulation. Lower trace, blood-pressure. 
A, before ether. Excitatory effect with fast spell. B, 40 sec. after ether started. Blood- 
pressure rising. C, 90 sec. after ether started. Rapid depression with fast spell. D, 
3:5 min. after ether started. Contraction not maintained with slow or fast stimula- 
tion, Ether stopped at end of fourth minute. E, 2 min. after ether stopped. Partial 
recovery, especially for slow stimuli. Relaxation curve + more sudden than in A and B. 
F, 6 min. after ether stopped. Recovery for slow and fast rates. Relaxation curve 
more gradual. G, 2 min. after more ether added. Brief excitatory effect with fast 
spell, then rapid depression. 
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With stimuli of strength III reversal can also be shown (Fig. 9). 
Control curves of the fast rate applied to resting muscle show that con- 
traction gives way far more rapidly after ether than under dial only. The 
depression on change of rate (Fig. 9C) is only partly due to the after _ 
effect of preceding slow stimulation. 3 

These reversals do not appear to be dependent on blood ~pressure 
changes, as rapid depressions consequent on ether administration can be 
shown with a rising blood-pressure, and after recovery the results can be 
repeated without much alteration in the pressure (Fig. 9F, G). This 
observation has been repeated in decerebrate preparations. After tran- 
section of the cord peripheral — are seen ee by low 
blood-pressures. 

Controls. 


a the depressant effects described due (a) to neon lamp stimulation, 
(b) to local stimulation fatigue in the nerve trunk? 

(a) As the results have been repeated with ordinary induction shocks, 
using two primaries interrupted at different rates, they do not appear to 
be dependent on neon lamp discharge. The two induction apparatuses 
have been placed at right angles some yards from each other, as an 
additional safeguard. The two methods of stimulation can be combined, 
using the neon lamp for slow rates and an induction coil for fast rates and 
vice versa. If the transfer by commutator from one system to another be 
done quickly no loss of tension need ensue from the change over. 

(6) Local fatigue in the nerve trunk under the electrodes is unlikely, 
as the results have been repeated using two sets of electrodes 15 mm. 
apart on the nerve. The change of rate and transfer from one pair of 
electrodes to the other is done simultaneously. As each frequency is 
applied to a fresh portion of nerve the possibility of local stimulation 
fatigue appears to be excluded. Again, weak slow stimulation from the 
neon lamp has been maintained uninterruptedly through the electrodes 
next the muscle and fast weak induction shocks have been applied in 
short spells from the second pair of electrodes 15 mm. distant. Temporary 
depression of contraction is seen when each fast spell ceases. Depressant 
effects have been obtained with non-polarizable electrodes. 

The above points indicate that these depressions are produced not in 
the peripheral nerve trunk at the site of stimulation, but either in the 
nerve terminals or the neuromuscular junctions or in the muscle fibre 
itself. 
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Curarized preparations. 

It is usually held that failure in “ Wedensky inhibition” takes place 
at the neuromuscular junctions. Repetition of the present experiments in 
curarized preparations leads to the same conclusion, although the results 
are not very satisfactory, largely owing to the difficulty of stimulating 
_. directly large muscles such as quadriceps im situ. Soleus and tibialis are 
muscles more suitable for direct stimulation; in neither have swift re- 
‘laxations been obtained by abruptly changing the rate of stimulation. 


Discussion. 


‘The slow rates of stimulation used in this investigation were chosen 
because it had been shown experimentally that rates of this order applied 
to the cut nerve could maintain the leg in postures of full extension. This 
observation that slow rates can maintain prolonged contractions has been 
confirmed by Hallowell Davis and Davis [1932]. The experimental 
production of fast rhythmic movements, by varying the amplitude of 
stimulus applied to the cut nerve, showed that a ratio of at least 1 to 15 


had to be maintained between the rate of movement and the basic rate of 


stimulation [Briscoe, 1931]. A fast rate of 160 per sec. would be suffi- 
cient to carry fast movements of 10 or 11 per sec. Both slow and fast 
rates are higher than the firing rates found in individual muscle fibres 


during postural reflexes [Denny-Brown, 1928] and during voluntary 


movement [Adrian, 1929]. Probably these natural rhythms can main- 
tain steady postures and smooth movements because of their asyn- 
chronous character. 

The relaxation of muscle contraction caused by fast strong rates 
following slow rates has long been known under the general term of 
“‘Wedensky inhibition.” The depressions with stronger fast rates 
described here may be regarded as examples of this phenomenon, but the 
depressions and accretions of contraction shown with slow weak stimula- 
tion following fast rates cannot be included under this description. 

_ The various theories to account for “‘Wedensky inhibition” have 
been fully discussed by Fulton [1926] and need not be recapitulated. 

The main points which emerge from this investigation are as follows. 
Under combined dial and ether anesthesia strong slow rates of stimula- 
tion are effective in establishing and maintaining contraction even after a 
profound depression has been caused by a fast rate of stimulation. Never- 
theless, the preceding depression has some effect, as there may be a dis- 
closure of stimulus rhythm and contraction is not established as rapidly 
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as in resting muscle. Further strengthening of the stimulation tends to 
mask this latter effect, but increases the rapidity and depth of depression 
seen with fast spells. On the other hand weak slow stimuli are very sus- 
ceptible to the after effects of contractions caused by fast stimuli of the 
same strength. 

Since the stages can be shown by which (a) accretion passes over to 
depression (Fig. 6), (b) depression with slow stimuli passes over to de- 
pression with fast stimuli (Figs. 1 and 2), it is possible that these results 
may all be examples of the same underlying process. Reversal of effect, 
consequent on smaller or greater concentration, is familiar in the action of 
many drugs. It is suggested therefore that when sustained contraction is 
enhanced after brief spells of fast stimulation, small accumulations of 
after effects (whatever their nature) exercise a favourable influence, so 
that temporarily contraction is more effective, and that larger accumula- 
tions, resulting from longer fast spells, have a reverse effect, so that tem- 
porarily contraction is less effective. It has been pointed out that the 
stimulation (strength II) required to keep the leg in a position of full 
extension is very mild. When strength III stimulation is used the number 


of elements replying to the slow rate may be so great that the unfavour- __ 
able after effect of fast stimulation may be disguised oases the leg main- 


tained in full extension. 
In the sudden lengthening due to a fast strong rate following a slow 
ne, ‘“Wedensky effect,” the duration of preceding activity is clearly 
important as the character of the response to a given fast stimulus may be 
excitatory or depressant according as to whether the duration is short or 
long. The depth of the depression obtained is increased as the spells of 
fast stimuli are repeated, especially if closely spaced. It would appear 
that the after effects of the fast spells are added to the after effects of slow 
stimulation to produce these results. 

The reactions recorded in different conditions of anssthesia and in 
decerebrate preparations, with and without the presence of extensor 
activity, indicate that observation of the general tonic condition of the 
_ preparation is helpful in the interpretation of results obtained in the 
denervated limb. Since connection with the central nervous system is 
severed on the experimental side, changes occurring in the rest of the 
body could only be communicated through the circulation. The depen- 
dence of all these reactions on the blood stream is shown by the observa- 
tion that a leg can be held in full extension for hours with a stimulation 
rate of 20-25 per sec.'to quadriceps but will give way in a few seconds if 
the circulation to the limb be occluded. 
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It is usually stated (Starling, 1933] that drugs such as ether depress 
the functions of the spinal cord, and that this central effect is obtained _ 
with much smaller concentrations than those required to abolish con- 
ductivity in peripheral nerve. A concentration of ether sufficient to 
reduce decerebrate rigidity in the intact limbs will also produce the 
depressant effects already described in the denervated limb. Since 
skeletal muscle is used as an indicator of events in the spinal cord, it may 
be permissible to suggest that the depression of reflex activity, caused by 
deepened anzsthesia, may have a peripheral as ee as & ee factor as 
the indicator is itself subject to change. ; 

The depressions seen with submaximal stimulation are not due to over- 
work of the muscle, as marked depressions may be obtained at the first 
trial after only a few seconds’ stimulation, yet may be unobtainable after 
prolonged use if rigidity has-set in following decerebration (Fig. 7C). 
The records obtained in atonic decerebrate and spinal preparations in the 
absence of dial show that the reactions are not confined to — con- 
ditions of anzesthesia. 

SUMMARY. 


Under combined dial and ether anesthesia sudden relaxations of 


_ contraction have been obtained in peripheral preparations of mammalian 


muscle, extensor and flexor, by abruptly changing the frequency of 
stimulation applied to the motor nerves. 

If the stimuli applied to the quadriceps nerve are too weak to pro- 
duce full extension of the leg, raising of the rate causes further contrac- 
tion, but return to the slow rate produces a temporary depression of 
contraction which recovers completely if the slow rate be continued. 

If the stimuli are of a strength more than sufficient to produce full 
extension, sudden raising of the rate produces a depression which becomes 
more marked if the fast rate be continued. 

Temporary increase of the contraction caused by a slow submaximal 
rate is seen after short spells of fast stimulation under certain conditions 
of anwsthesia. This result car be reversed, and depression shown instead 
of accretion, by deepening the anesthesia with ether. 

When decerebrate rigidity is present in the intact limbs it is difficult 
to show in the denervated limb the type of depression seen when a 
stimulus of submaximal strength is suddenly reduced in rate. 

The depressions which tollow sudden raising of the rate may be 
regarded as examples of “‘ Wedensky inhibition,” but not the temporary 
depressions or accretions of contraction which follow sudden reductions of 
rate. 
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It is suggested that these reactions are due to the after effects of pre- 
- ceding stimulation, small concentrations of “after effect” exercising a 
favourable influence leading to increase of contraction, and large con- 
centrations an unfavourable influence, leading to depression of contrac- 
tion. | | 
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UTERINE REACTIVITY AND ACTIVITY IN 
| THE MOUSE AT VARIOUS STAGES 
OF THE SEX CYCLE. | 


By J. M. ROBSON, 
Beit Memorial Research Fellow. 
(From the Institute of Animal Genetics, University of Edinburgh.) 
: (Received May 15, 1934.) 


Tuat the corpus luteum plays a part in determining the reactivity of the 
uterine muscle at various stages of the sex cycle in certain animals seems 
to be definitely established. In the rabbit this has been shown by the 
direct injection of extracts, while in the human subject the lack of 
reactivity to oxytocin during the later stages of the intermenstruum and 
during the early stages of gestation are, according to Knaus [1931], also 
- referable to the luteal function. On the other hand, such a mechanism 
does not appear to exist in the lower rodents, for in these animals the 
administration of a potent luteal extract does not abolish the uterine 
reactivity to oxytocin [Siegmund, 1930 a], and, moreover, the uterus 
apparently responds to the posterior lobe hormone during tlte whole 
course of gestation [Siegmund, 1930 5}. 

Now previous studies in the rabbit and on the human subject have 
shown (Robson, 1933 a, 6] that, in as far as the reactivity of the uterus 
to oxytocin is concerned, pregnancy can in both these species be divided 
into two stages, namely: : 

(1) @ period during which the uterus shows no reaction whatsoever 
even to large doses of oxytocin, and 

(2) a subsequent period during which the reactivity to oxytocin 
returns and gradually increases up to parturition at which it attains 
& maximum. | 

The development of reactivity during the second part of pregnancy 
does not appear to be dependent merely upon the withdrawal of the 
luteal secretion [Robson, 1934] and may to some extent at least be due 
to the action of cestrin [Robson, 1933 c]. 
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The present experiments were undertaken with the object of deter- 
mining whether in the lower rodents too the later stages of gestation are 
accompanied by an increasing sensitivity of the uterine muscle to oxytocin. 
At the same time the physiological state of the uterine muscle during the 
puerperium and during the cestrous cycle was also investigated. 


TECHNIQUE. 


The experiments were performed on mature mice; the animals were 
mated, and vaginal plugs looked for once a day; pregnancy was dated 
from the first finding of the plug. 

The uterine strips removed at various stages of the sex cycle were 
suspended in Ringer-Locke solution and maintained at a temperature 
of 37-5° C. with constant oxygen bubbling. When the strips were removed 
during the earlier stages of gestation the whole horn was used, while later 
on in pregnancy and during the earlier stages of the puerperium an 
attempt was made to use strips of a constant length. During the later 
stages of the puerperium and in non-pregnant animals the whole horn 
was used. All experiments were performed in duplicate, either both horns 
or strips from both horns being employed. 

In all cases the minimum dose of oxytocin capable of causing a motor 
effect was determined. A purified preparation of the posterior lobe 
hormone, “ pitocin,”’ kindly supplied by Parke, Davis and Co., was used 
in this investigation. 

RESULTS. 

The reactivity of the uterine strips at the various stages of pregnancy 
and of the puerperium is shown in Table I. It will be seen that during 
the earliest stages of gestation comparatively high doses of oxytocin are 
necessary to cause a motor effect. Nevertheless, the response to the 
hormone is not consistently absent, for in one case (M 29) investigated 
on the seventh day of gestation 0-2 unit of oxytocin in 100c.c. of 
solution brought about a contraction, while in another case (M 3) 
investigated at the same stage of pregnancy 1 unit of oxytocin caused 
a contraction. 

In those cases investigated later on during gestation from the twelfth 
day up to full term the uterine muscle showed a higher reactivity and 
gave a response to doses of the posterior lobe hormone ranging from 
0-02 to 0-05 unit, with the exception of animals M 6 and M7 where the 
reactivity was considerably lower. 

In four animals uterine strips were removed within 1 hour following 
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parturition, and their reactivity to oxytocin was found to be extremely 
high, as they gave a reaction to a concentration of the hormone of 
0-002-0-003 unit in 100 c.c. of Ringer-Locke. 


Taste I. Showing the reactivity to oxytocin (in units per 100 ¢.c.) and the spontaneous 
rhythmic activity of uterine strips removed at various stages of pregnancy and of 
the puerperium. 


Days to activity 
Animal after oxytocin, 
No. mating units (i) (ii) Remarks 
M 29 7 0-2 1-3 2-0 
M 3 7 10 2-0 2-0 
M 4 8 >1-0 — 0-7 
M 5 10 >0-5 0-5 2-4 
M 19 12 3-5 80 Showing placental si 
M17 12 0-03 6°5 >11-0 
M 6 14 >1-0 6-0 6-0 : 
M21 15 | 5-5 12-0 
M18 10-0 > 12-0 
M 7 16 0-6 5-0 11-0 
M13 17 0-03 4-5 >11-0 
M 8 18 . 0-03 5-0 10-0 
M 1 18 0-02 4-0 3-0 
M 2 18 0-003 8-0 11-0 Within few hours followi ition 
M 9 18 0-002 11-0 13-0 hour after 
M10 18 —- 0-002 6-0 7-0 Less than | hour after parturition 
M31 — 9-003 6-0 9-5 Do. 
M 25 — 0-005 4-5 20-0 Morning after parturition 
M 16 a 0-1 2-5 2-5 2 days after parturition. Suckling 
M14 22 0-3 1-0 1-0 3 days after parturition. Suckling 
M 22 — 0-05 4:5 5-5 4 days after parturition. Not suckling 
M 24 — 0-05 15 2-0 4 days after parturition. Not suckling 
Ml1l 25 0-1 — days after parturition. Suckling 
M 20 _ 0-05 2-0 2-5 6 days after parturition. Not suckling 
M 36 — 0-02 1-5 2-5 10 days after parturition. Not suckling 
M15 31 >06 0-7 1:0 11 days after parturition. Not suckling 
M 26 — 0-5 — days after parturition. Suckli 
M 30 32 >0°5 3°5 3-5 13 days after parturition. Not suckli 


Eleven animals were investigated at various stages during the 
puerperium. In one animal (M 25) the experiment was performed on the 
morning following parturition and the uterus responded to a dose of 
_ oxytocin of 0-005 unit. In all other cases the uterine reactivity was lower. 
An attempt was also made to determine whether suckling had any effect 
on the reactivity during the puerperium and the relevant data are 
presented in Table II, from which it would appear that during the 
earlier stages following parturition the uterine reactivity is higher in the 
non-suckling than in the suckling animals, while later on there is little 
or no difference. 
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Fig. 1. Showing absence of reactivity to oxytocin of uterine strip removed at the 14th day 
of pregnancy (M 6). First signal: 0-5 unit oxytocin added to bath. Second signal: 
0-5 unit oxytocin added to bath. Time intervals =1 min. 


Fig. 2. Showing reactivity to oxytocin of uterine strip removed from the uterus 1 hour 
after parturition (M9). A, 0-01 unit of oxytocin added to bath; B, 0-005 unit of 
oxytocin added to bath; C’, 0-002 unit of oxytocin added to bath. Solution changed 
after every addition of drug. Time intervals=1 min. 


Four animals were mated with vasectomized males and the uterine 
reactivity investigated from the fourth to the ninth day of pseudo- 


pregnancy. The minimum effective dose of oxytocin varied from 0:1 to 
0-25 unit. 
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Taste II. Showing the reactivity to oxytocin and spontaneous rhythmic activity 
of uterine strips removed at various stages of the puerperium. 


R. =reactivity to oxytocin in units per 100 c.c. 


8.A. =spontaneous activity. 
O. =cestrus. 
D. =dicestrus. 
Suckling Non-suckling 
Animal Day of "Animal of Vaginal 
0. puerperium R. S.A No. puerperium R S.A smear 
M 16 2 0-1 2°5 
14 0-3 1-0 
M 22 4 0-05 4°5-5-5 0. 
M 24 4 0-05 1-5—2-0 D. 
M11 M 20 6 005 2025 0. 
M 26 11. 0-5 M 36 10 0-02 1-5-—2°5 0. 
M15 11 >0-6 0-7-1-0 D. 
M 30 13 >0°5 3°5 D. 
Spontaneous activity. 


The spontaneous rhythmic activity exhibited by the strips in vitro 
was also determined and is given in Table I. The results have been 
expressed in quite arbitrary units, the figures given actually representing 
the height in centimetres of the maximum contractions given in each 
experiment by the two strips, and measured on the tracings. It is not 
suggested that the figures represent exactly the spontaneous con- 
tractility of the muscle as, though the length of the strips has been kept 
constant as far as possible, the actual mass of the muscle has varied very 
considerably. There can be little doubt that the marked differences in 
spontaneous activity exhibited between the strips removed during the 
earlier and later stages of gestation is to some extent due to differences 
in the muscle mass. On the other hand the strips removed during the 
later stages of pregnancy and during parturition were of fairly uniform 
size, and the results obtained with them suggest that the spontaneous 
rhythmic contractility (obtained im vitro) during parturition is not 
appreciably greater than during the days immediately preceding par- 
turition. During the puerperium the rhythmic contractions rapidly 
decrease, but it is difficult to — to what extent this is due to 
involution of the uterus. 


Alterations during the estrous cycle. : 
The reactivity to oxytocin and spontaneous rhythmic activity were 
determined in seven animals at various stages of the oestrous cycle. 
Smears were taken daily and only those animals used which showed 
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regular cycles for several weeks, The results (cf. Table III) appear to 
show that the reactivity is rather higher during oestrus than during 
dicestrus, and that at both these stages it is less than at parturition. 


Tasxe III. Showing the reactivity to oxytocin and spontaneous rhythmic activity 
of uterine strips removed at various stages of the wstrous cycle. 


- =reactivity to oxytocin in units per 100 c.c. 
S.A. =spontaneous rhythmic activity. 


No. R. S.A. R. S.A, R S.A. R. S.A. 
M32 — 0-005 2040 — 
DIscussION. 


The experiments described in this paper indicate that in the mouse 
the reactivity of the uterus shows definite alterations during the various 
stages of the sex cycle, of which the essential features are: 

(1) It is comparatively low during the early stages of gestation, 
increases later and reaches a maximum at parturition, to fall again 
during the ensuing puerperium. 

(2) It is comparatively low during pseudo-pregnancy. 

(3) It is, on the whole, slightly higher during oestrus than during 
dicestrus, 

It is to be noted that at no stage was a complete absence of reactivity 
consistently found, and in this respect the observations are in agreement 
with those of Siegmund [1930 5]. 

The data obtained during pregnancy resemble, in some important 
respects, those previously described for the rabbit and for the human 
subject. The complete absence of reactivity to oxytocin which charac- 
terizes the first half of gestation in the rabbit, and the early stages of 
pregnancy in the human subject is not observed in the mouse, but on 
the other hand the uterine reactivity at the later stages of gestation are 
very similar in all three species. Moreover, not only does parturition 
mark the apex of the uterine sensitivity to oxytocin in these animals, 
but the actual concentrations of the posterior lobe hormone necessary 
to bring about contraction of the uterus are remarkably similar, being 
all within the range of from 0-01 to 0-001 unit of oxytocin in 100 c.c. of 
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solution. It is worthy of emphasis that this obtains, even though the 
_ actual mass of muscular tissue was considerably less in the experiments 
on the mouse than in those performed on the rabbit and human subject. 
Further, the reactivity in the mouse during the puerperium rapidly falls 
and in this respect the findings are again very similar to those reported 
for the rabbit. Moreover, the recent work of Moir [1934] tends to show 

that in the human subject too the post-parturient period is marked by 
a very rapid fall in the uterine reactivity to oxytocin. 

As regards the control of the alterations in the uterine muscle, it 
appears likely that in the mouse an inhibitory hormone of the corpus 
luteum is not the main factor concerned in the determination of the 
reactivity to oxytocin, since at no stage of gestation is there a complete 
absence of such reactivity. This is in harmony with the finding of 
Siegmund [19304], who was unable to produce inhibition of the 
reactivity to oxytocin by the injection of a potent luteal extract. At the 
same time further work is necessary before it can be asserted that the 
luteal hormone plays no part whatever in determining the comparatively 
low reactivity observed during the early stages of pregnancy and during ~ 
pseudo-pregnancy in the mouse. 

The spontaneous rhythmic activity of the uterine strips appears to 
be substantially higher during the second half of gestation and during 
parturition than before and after these two periods respectively; there 
is, however, no evidence that the rhythmic contractions at parturition 
are appreciably greater than during the latter part of gestation, and in 
this respect the results are similar to those previously described for 
uterine strips removed from the pregnant and parturient human uterus 
[Robson, 1933 6). 

SUMMARY. 

The reactivity to oxytocin and spontaneous rhythmic activity 
exhibited by isolated uterine strips removed from the mouse at various 
stages of the cestrous cycle, of pregnancy and parturition and of the 
puerperium have been determined. As has previously been observed in 
the rabbit and in the human subject parturition marks the apex in the 
reactivity curve of the uterine muscle to oxytocin. The spontaneous 
rhythmic activity increases markedly during the later stages of gestation, 
but does not show any further increase at parturition. The hormonic 
control of the alterations in the uterine muscle is discussed. 

The expenses of this investigation were defrayed by grants received from the Medical 
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CHANGES IN CLOTTING TIME DURING AND AFTER 
EXERCISE IN DOGS. 


By J. HERASYMOWYCZ. 
(From the Institute of Physiology, Cracow, Poland.) 
(Recewed May 25, 1934.) 


Dogs were exercised on a treadmill. The treadmill was moved by a motor 
during the training only. During the experiments the dogs moved the 
mill by themselves and were encouraged by an occasional cheer. The 
linear speed was calculated from the speed of rotation of the wheel. It 
was quick at first but slowed down with the duration of the experiment. 
The distance run by different dogs in the same time was similar (Table II). 

Blood was taken from the ear both before and after exercise, the edge 
of the ear being shaved, washed with soap, dried, vaselined and then 
cut with scissors. The blood, from and including the second drop, was 
taken into a capillary tube and the clotting time estimated by 
Szabuniewicz’s method at 25° C. 

In this method [1932] the drop of blood is taken into a glass capillary 
tube. To the latter two thin rubber tubes are attached, and it is dropped 
into the water of a thermostat. One of the rubber tubes leads to the 
external air and the second one is connected to a Wulff’s flask. By means 
of moving a levelling vessel connected with the flask the air pressure in 
it can be changed, and the drop of blood can be moved along the capillary 
tube. Thus, the fluidity of the blood can be investigated. The time of 
blood clotting is counted from the moment when the skin is cut until 
the moment when the pressure of 40 cm. water does not produce any 
changes in the meniscus of the drop of blood. The pressure changes 
should be the smallest possible, as the blood is not to be moved along 
the tube but only the changes of the meniscus of the blood are to be 
observed. Also the pressure changes must not be applied too often, 
especially at those times when it is certain that the clotting will not 
occur. 
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tambour, and thus a curve is obtained in which the beginning of changes 
of the density of blood and the end of the clotting time are sharply 
marked. The clotting time does not depend on the length of the thread 
of blood in the capillary tube (30-50 mm.), but depends on the diameter 
of the tube. A new capillary tube is used for each estimation. 

In the present investigations in any one experiment tubes of the same 
calibre were used. In different experiments the diameter of the tubes 
was sometimes different (0-5—0-8 mm.), The time between the cutting of 
the ear and the dropping of the tube into the water of the thermostat 
was usually 25. sec. 

The clot in dogs’ blood is flabby, and it was sometimes detached from 
the wall of the tube under the pressure of 40 cm. water. This could be 
avoided by using tubes of narrower diameter and employing a lower 
pressure. . 

Many control experiments were done on each dog at rest and the 
probable error calculated from the results obtained. One of the control 
experiments, performed on the dog No. 2, is shown in Table I. 

The normal clotting time was closely similar in all animals observed, 
viz. 330-350 sec. 


TaBxe I, 
Date and time time in sec. 
28. iv. 1933 9.20 352 
9.29 345 
9.39 330 
9.47 338 
9.55 325 
10.03 339 
10.10 328 
10,19 326 
10.28 330 
10.38 343 
Average 335-6 
The probable error in sec. +6-18 
The probable error in p.c. +1-84 


The duration of exercise was from 25 sec. to 4 hours. The treadmill 
was then stopped and the blood taken. Table II shows the results 
obtained, Fig. 1 shows the averages of clotting time for each dog after 
exercise of varying duration, the blood being taken immediately the 
exercise stopped. After a run of 100 m. there i is no change in clotting 
time. After longer runs the clotting time is shortened. The largest 
changes appear at the end of 30 min. exercise. After exercise of longer 
duration there is a lengthening of the clotting time, and this becomes 
more marked as the duration is extended. 
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2 2 17 
3 3 15 
4 2 24 
5 4 ll 
Average 
Period of exercise 
1 2 9 
2 2 17 
3 15 
4 2 
5 4 ll 
Average 
Period of exercise 
1 2 9 
2 2 17 
3 3 15 
5 4 ll 
Average 
Period of exercise 
1 2 9 
2 2 17 
3 3 16 
5 4 11 


345 
349 268 
323 
0100 335 340 +15 0597 331 266 -196 
0100 341 361 +59 O771 327 248 -242 
0-093. 336 +: 888 
0-100 318 313 16 448 346 314 - 92 
0-124 320 «318 - 33' 0566 350 275 -21-4 
0-100 322 325 0-9 0603 318 267 -161 
0101 334 338 03 0682 336 296 —121 | 
5 min, 15 min. 
1-206 3509 203 -184 3452 363 297 -182 
1415 342 293 -348  3:9006 329 239 -27-4 
1928 324 -191 
1-866 358 223 -37-7 
1:180 326 276 -153 3545 328 216 -341 
1180 329 257 -2190 3265 311 233 -26-1 
1959 327 212 -352 
0846 329 355 +79 343 273 -204 
0-995 318 22 -113 — 346 276 -203 
1163 307 172 ~440 3172 365 210 -425 
1213 345 208  -307 3-732 338 262 -225 
361 269 -255 3970 346 265 -234 
1:2°75 335 200 -13-4 
1341 935 256 -237 3364 341 262 -260 
30 min. 60 min. 
653 $24 215  -336 11-57 329 
615 332 212 -361 
951 323 197 -39-0 
783 398 245 -253 11:33 348 
718 354 245 -308 1242 350 
14-55 
634 337 219 -350 350 
550 364 243 -332 11-04 362 
700 337 226 —-333 1193 951 
2 hours 4 hours 
24-63 332 287 -136 47:70 346 
23:28 328 202 -110 5525 310 
336 3409+ 3:9 50-75 341 
27-61 333 383 +150 47-17 347 
1866 318 312 -19 4553 316 
21-50 339 413 +218 45:33 343 
21:32 309 338 +294 43:98 320 
23:10 328 339 «4796 332 
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II. q 
Clotting time Differ- Clotting time Differ- q 

No. Distance Before; After clotting Distance Before After clotting q 

of Age Weight run_ racing racing time run racing racing time j 
dog years kg. km. sec. sec. p.c. km. sec. sec, p.c. 4 
Period of exercise... 20-30 sec. 2 min. 7 

2 9 
Average 
8—2 q 
j 
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2 3 

Period of racing in hours 3 
Fig. 1. Changes in clotting time after exercise of different duration. The curves show the : 
average for each dog. Dogs 1-3 and 5. ie 


Period of rest in hours 
Fig. 2. Changes in clotting time during rest after exercise. Dog. No. 2. A-A, after exercise 
of 30 min. duration, B-B, after exercise of 4 hours’ duration. A, and B,, respective 
clotting time before the experiment. 
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The changes are very similar in different dogs in the shorter experi- 
ments, although in longer ones large differences in behaviour are observed. 

One of the dogs was not able to run for more than about 15 min. 
_ (Table II, dog No. 4), as it then showed convulsive movements similar 
to those observed by Hartman [1927] in cats. The changes of the 
clotting time in this dog were especially large. 

The return to the normal of the blood clotting time during rest was 
also observed. In the experiments in which this time, immediately after 
the exercise, was shortened, there was observed an increase during the 
rest, reaching the normal level 30-60 min. after the exercise and increasing 
still further to reach a maximum at 45 min. to 2 hours. It then diminished 
progressively to its normal resting value (Fig. 2). In those experiments 
in which, after a long period of exercise, the clotting time was prolonged, 
a simplé fall was observed during the subsequent rest, the normal value 
being attained from 3 to 4 hours later. 


SumMMARY. 

1. In dogs, after a short period of exercise the clotting time diminishes. 
This diminution is most marked after exercise lasting for about 30 min. 
After longer period of exercise it increases to a supernormal value. 

2. Where, after short runs, immediately after exercise a shortening 
of clotting time is seen, during the subsequent period of rest there is at 
first a rise in the clotting time to a value well above the normal, after 
which the time falls to the normal level. 

3. If the clotting time, as after prolonged exercise, is sebbbasted: a 
gradual fall only is observed during the subsequent period of rest. 
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THE ALLEGED OCCURRENCE OF ACETYLCHOLINE 
IN NORMAL OX BLOOD. 


By J. V. LOACH., 


(From the Department of Biochemistry, The University of Liverpool.) 
(Received June 2, 1934.) | 


Bots chemical and biological determinations of the amount of acety!- 
choline present in normal ox blood have yielded widely divergent results 
to different workers. The position down to 1933 is set out in the papers 
by Dudley [1933] and by Chang and Gaddum [1933]. Since then 
Gollwitzer-Meier [1934], using eserinized leech muscle in a study of 
whole blood, plasma and corpuscles, has reported that the amount of 
acetylcholine present is not greater than 0-013 mg, per litre of blood. 
Kahlson and Rémer [1934] have examined the products obtained by 
@ precipitation of blood extracts with Reinecke acid, as described by 
Kapfhammer and Bischoff [1930] and found no indication of the 
presence of acetylcholine; the gold salt obtained later by decomposition of 
the precipitate was shown by analysis and m.P. to be choline aurichloride. 
These experiments provide confirmation by chemical means of the results 
which Kahlson [1934] has obtained by various physiological methods. 

The work described in this paper was undertaken in order to provide 
further evidence on this disputed question. The method adopted has — 
been to divide the total alcoholic extract from 2 litres of blood into two 
equal portions; one of these was concentrated directly, while to the other 
were added prior to concentration 40 mg. of acetylcholine chloride dis- 
solved in 0-5 c.c. of water. The two alcoholic extracts were then worked 
up simultaneously and received similar treatment throughout. 

A number of samples of blood were treated thus and no difficulty was 
experienced in recovering acetylcholine from those alcoholic extracts to 
which it had been added; in every such case the aurichloride had the 
M.P. and gold content of acetylcholine aurichloride. Those extracts, on 
the other hand, to which no acetylcholine had been added, all yielded 
gold salts which had the m.P. and gold content of choline aurichloride. 
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The recovery of added acetylcholine suggests that amounts greater 
than 15 mg. per litre of blood should be readily isolated and identified 


chemically. 


EXPERIMENTAL. 


The technique described by Dudley [1933] and used by him with 
positive results in Freiburg and with negative results in England was 
followed rigorously. Ox blood was precipitated and extracted with 
alcohol within 25 min. of its being drawn from the animals and oxalated 
at the slaughter-house. The aurichlorides were recrystallized from hydro- 
chloric acid solutions of pH 4, which is the pH for maximum stability of 
acetylcholine [Hofmann, 1930]. 

Details of two typical experiments are recorded below: | 


without added acetylcholine. 
Alcoholic extract from 1 litre 
of normal ox blood with the Alcoholic extract 
addition of 40 mg. of from 1 litre of 
acetylcholine chloride normal ox blood 
Exp. 1. Wt. of aurichloride after Ist crop 36 mg., m.P. 164°C. 41 mg., m.p. 261°C. 
recrystallization 2nd 26 mg., m.P, 162° C., 
mixed M.P. 162° C. 
Gold content _ 40-9 p.c. Au 44-6 p.c. Au 
Recovery 58 p.c. 
Exp. 2. Wt. of aurichloride after 45 mg., m.p. 166°C. 48 mg., m.P. 260° C, 
n 
Gold content 40-7 p.c, Au 44-6 p.c. Au 
very 42 p.c. 
Choline aurichloride M.P. 268° C., 44:5 | 


SuMMARY. 


Attempts to repeat the isolation of acetylcholine from normal ox 
blood, in the form of its aurichloride, as described by Kapfhammer 
and his co-workers [1930, 193la, 6] and by Vogelfanger [1933], have 
been unsuccessful. The gold salt obtained from such blood was choline 
aurichloride, a result in agreement with those of Dudley [1933] and 
Kahlson and Rémer [1934]. On the other hand, when 40 mg. of 
acetylcholine were added to the alcoholic extract from 1 litre of blood, 
no difficulty was encountered in isolating acetylcholine aurichloride. 
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THE CHEMICAL TRANSMISSION OF SECRETORY 
IMPULSES TO THE SWEAT GLANDS 
OF THE CAT. 


By H. H. DALE anv W. FELDBERG. 


(From the National Institute for Medical Research, 
Py Hampstead, London, N.W. 3.) 


(Received June 7, 1934.) 


Ir was recently suggested by one of us [Dale, 1933] that the anomalous 
response to drugs of the sweat glands of the cat probably indicates that 
their secretory nerve fibres, though originating in ganglia of the sym- 
pathetic chain, are cholinergic, and thus present an exception to the 
general rule that postganglionic sympathetic fibres are adrenergic. The 
experiments here described were undertaken to test this suggestion. 
A preliminary note on them has already been published [Dale and 
Feldberg, 1934]. 
METHODS. 


The object of the experiments was to collect the venous blood or per- 
fusion fluid from the hairless pads of the cat’s foot, and to discover 


_ whether stimulation of the sympathetic nerves, in such a way as to evoke 


a secretion of sweat, caused the appearance of acetylcholine in the venous 
effluent. A preliminary trial showed that with natural circulation it 
would be very difficult to obtain uncomplicated evidence. Stimulation 
of the abdominal sympathetic chain causes such an intense vaso- 
constriction in the foot that the venous outflow becomes extremely slow. 
A satisfactory comparison of the venous fluid, with and without stimula- 
tion, can only be made if the rate of flow is kept approximately constant. 
This could be achieved by using the adjustable Dale-Schuster pump, 
and so increasing or diminishing the stroke, as vaso-constriction appeared 
or passed away, asto keep the average rate of outflow within narrow limits. 
We have accordingly used artificial perfusion of the vessels of the foot 
with warm oxygenated Locke-Ringer solution, to which eserine sulphate 
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was added to the extent of 1 pert in 660,000-750,000. The detailed 
procedure was as follows: 

The cat was anesthetized with ether followed by chloralose. The 
abdomen was opened in the middle line and the abdominal portion of the 
alimentary canal completely removed, with ligature of the vessels. The 
abdominal sympathetic chain, on one or, in some experiments, on both 
sides, was then laid bare. The rami of the 4th, 5th, 6th and 7th lumbar 
ganglia were severed, the chain being tied and cut above the 4th lumbar 
ganglion and dissected clear, so that it could, when required, be raised 
out of the groove alongside the aorta and laid on platinum electrodes for 
faradic stimulation. The external iliac arteries were laid bare near their 
origins from the aorta, so that either of there, or the abdominal aorta 
itself, could be quickly clamped. 

It was found most convenient to dissect the artery and vein used for 
perfusion on the dorsum of the foot. The artery chosen was the anterior 
tibial, a small cannula being inserted into it just before the point at which 
it dips between the second and third metatarsal bones to become the 
plantaris profunda. Small branches leaving the artery before this point 
were tied. The area perfused from this artery includes, of course, much 
beside the toes and their hairless pads. It was found, however, that, long 

before the branches to the pads are reached, the artery has divided into 
branches so small that their use for perfusion would be impracticable. 


Similarly, the vein used for insertion of the outflow cannula was the — 


saphena interna, just after its formation by the two veins running along 
the dorsum of the foot. Branches coming from tissues proximal to the 
toes were, so far as possible, tied. The external saphenous vein was also 
tied, so that the plantar venous arch drained into the dorsal veins uniting 
to form the saphena interna. Just before the cannule were inserted the 
blood of the animal was rendered incoagulable by intravenous injection 
of “chlorazine fast pink,” 1 c.c. per kg. of an 8 p.c. solution of the dye 
being injected. This obviated the clotting in the arterial cannula of any 
blood which entered it. When the perfusion was started the fluid col- 
lected from the vein contained varying amounts of blood, entering the 
perfused system through anastomoses. The clamping of the external iliac 
artery, on the side of the foot perfused, usually eliminated this, and 
enabled a clean saline perfusion to be obtained. Occasionally, however, it 
was necessary to clamp the aorta, before this anastomotic contamination 
with blood could be completely eliminated. A very slight contamination 
cold usually be neglected, since eserine was present in sufficient amount 
to protect any acetylcholine which might appear. 
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_ ‘The perfusion was adjusted to give a moderate outflow of 2-5-3°5 c.c. 
per min. before stimulation of the sympathetic chain. An assistant 
watched the steady rate of drops from the venous cannula, and, as soon 
as the retarding effect of stimulation was apparent, increased the stroke 
of the pump, endeavouring to restore the resting rate. Almost invariably 
he somewhat overshot the appropriate point, so that the short period of 
retardation before adjustment was compensated by a short period of 
acceleration, before the resting rate was regained. In no case was there 
such a difference between the average rates of flow during collection of 
the “resting” and “stimulation” samples as to have any significance for 
the result. Further, a retardation of the rate apart from nerve stimula- 
tion had no effect on the activity of the venous fluid. , 

The venous effluent was tested for acetylcholine on strips of the 
anterior end of the back of the leech. Thé strip was suspended in a 2 c.c. 
bath containing diluted Locke solution to which eserine in a concentration 
of 1 in 200,000-500,000 was added. The Locke solution was diluted by 
adding four parts of distilled water to ten parts of Locke solution in 
order to render the solution isotonic to the cold-blooded muscle. The 
venous effluent was diluted in the same proportion before testing it on 


the leech. The minimal concentration of acetylcholine causing definite 


contraction of the leech muscle varied in the different experiments 
between 1:5 x 10° to 1:2 x 10°, or from 0-5-2y per litre. The venous fluid 


isolated heart of a frog, attached to a Straub’s cannula containing the 
unperfused eserinized Locke’s solution similarly diluted. 

In one experiment the venous effluent collected during a long stimu- 
lation of the sympathetic chain was acidified to a pH of about 4 by adding 
a few drops of diluted HCl, and the fluid was then concentrated and freed 
from excess of salts in the way described in an earlier paper [Dale and 
Feldberg, 1934]. The concentrated fluid was tested on the arterial 
blood-pressure of a cat in chloralose anesthesia. 


RESULTS. 


Four experiments were made and their uniform results can be shortly 
described. When the perfusion had become well established, and anasto- 
motic admixture so excluded that the venous effluent was practically 
clean Locke’s solution, no activity corresponding to that of acetylcholine 
could be detected in it. When the sympathetic chain was stimulated, so 
that beads of sweat appeared on the hairless pads, the venous fluid 


could also be tested, after similar adjustment of its tonicity, on the | 
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collected during the stimulation acquired a stimulant action on the 
leech muscle corresponding to a content of 2:5-10y of acetylcholine per 
litre. In one experiment the control fluid (C) and that collected during 
venous stimulation (S) were tested also on the isolated frog’s heart, with 
the result shown in Fig. 1. After the end of the stimulation period, the 


venous fluid gradually became free from acetylcholine, which reappeared _ 


when the stimulation was renewed. 


Fig. 2. 
Fig. 1. Isolated frog’s heart. 
C =control venous fluid; S= venous fluid during sympathetic stimulation. 


Fig. 2. Eserinized leech preparation. For description see text. 


_ In the fourth experiment we performed a control, designed to verify 
the connection between the output of acetylcholine and the transmission 
of impulses to the sweat glands. Both sympathetic chains were isolated 
and prepared for stimulation. The vessels of the right hind foot were then 
prepared for perfusion. Before this was undertaken, however, the hair- 
less pads were transfixed with ligatures, which were tied tightly round the 
base of each pad, so as to stop its circulation completely. The cannule 
were then inserted and the perfusion of the foot, with the exception of 
the pads, carried out in the ordinary way. Stimulation of the right 
sympathetic chain produced the usual intense vaso-constriction in the 
foot, compensated as usual by increasing the stroke of the pump. The 
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venous fluid, however, remained as free from acetylcholine as that col- | 


lected before stimulation was applied (Fig. 2, C; and S,). The left foot, 
with the pads intact, was then similarly perfused, and gave, prior to 
stimulation, the usual inactive perfusate (Fig. 2, C,,;). Stimulation of the 
left sympathetic chain, causing vigorous secretion of sweat, was accom- 
panied by the usual appearance of acetylcholine in the venous fluid 
(Fig. 2, 8,;). In this experiment a further and more prolonged stimulation 
was given, during which sufficient venous fluid was collected for concen- 
tration. The quantity so obtained was 12 c.c., and its activity on the 
leech-preparation corresponded to that of about 7y of acetylcholine per 
litre. After evaporation and elimination of excess of salts it was made up 
with Ringer solution to a volume of 3 c.c. Tested on the blood-pressure 
of a cat under chloralose, its depressor action was approximately equal 
to that of a solution containing 20y of acetylcholine per litre. The activity, 
in terms of acetylcholine, was apparently about 30 p.c. less than that 
corresponding to the assay of the unconcentrated fluid on the leech 
preparation—a difference which, in relation to the errors of the measure- 
ments and the inevitable loss in concentration, is not really significant. 
This depressor activity disappeared from a sample of the solution made 
distinctly alkaline, and allowed to stand at room temperature for 30 min. 
It was also found that after an intravenous injection of 0-12 mg. eserine 
per kg. into the cat, the depressor effect of the active concentrate was 
much increased, and that the blood-pressure of the cat no longer showed 
any response to it after 0-1 mg. of atropine had further been injected. 

The substance appearing in the venous fluid, during stimulation of 
the sympathetic nerve supply to the sweat glands, therefore corresponds 
in all its reactions to acetylcholine, and there is no reason to doubt that 
it is that substance. 


Discussion. 


This is the fitst case in which it has been possible to collect and to test 
separately the transmitter of the effects of postganglionic sympathetic 
fibres which, as an exception to the generally valid rule, appeared from 
previous evidence to be cholinergic; and it has thus been proved that the 
chemical transmitter of the action of such fibres is, indeed, acetyl- 
choline. It should be noted that, although the concentrations of acetyl- 
choline found in the venous fluid during activity of the glands were low 
in comparison with those obtained from some other active organs, the 
fluid from the glands was inevitably diluted by several times its volume 


of effluent from the rest of the foot, this extra-glandular circulation | 
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remaining free from demonstrable acetylcholine. There can be no reason, 


therefore, for suspecting that the concentration in the fluid from the 
glands alone would not represent an output fully adequate to account 
for the transmission of the secretory stimulus. A further deduction is 
justified, namely, that the sweat glands of the human skin, similarly 
sensitive to pilocarpine and atropine and indifferent to adrenaline 
[Elliott, 1905], are supplied by cholinergic sympathetic fibres. In other 
animals the sympathetic fibres to the sweat glands appear to conform to 
the more normal type in chemical function, being adrenergic in the horse 
[Muto, 1916; Habersang, 1921; Langley and Bennett, 1923; 
Feldberg, 1925; Bacq, 1932], and in the sheep [Muto, 1916]. 

The observations of Young [1932] on the responses of the pupil in 
_ certain fishes to nerve stimulation and to neuromimetic substances sug- 
gest that localized mechanisms of chemical transmission, in these lower 
vertebrates, may even show a relation which is the reverse of that 
familiar in the mammal. In the eye of a teleostean, Uranoscopus, he 
found that the pupil was caused to constrict by stimulation of the sym- 
pathetic nerve supply or by application of acetylcholine, both these effects 
being abolished by atropine, whereas stimulation of the oculomotor 
nerve or application of adrenaline caused dilatation of the pupil in this 
species. The direct evidence here given concerning the sweat glands of the 
cat reinforces other less direct indications of the existence even in mam- 
mals, among the predominantly adrenergic fibres from sympathetic 


ganglia, of some which are cholinergic. The buccofacial dilatation pro-— 


duced by stimulating the cervical sympathetic nerve in the dog [Dastre 
and Morat, 1880] is not reproduced by adrenaline [Elliott, 1905). 
Rogowicz [1885] showed that it is associated with a contracture of 
motor-denervated facial muscles, resembling the contracture of the 


motor-denervated tongue in response to stimulation of the chorda- — 


lingual nerve [Philippeau and Vulpian, 1865]; and Euler and 
Gaddnm [1931], finding that the Rogowicz contracture is potentiated 
by eserine, conclude that the fibres responsible for it probably act by 
release of acetylcholine, though they showed them to arise from cells in 
the superior cervical ganglion. They were clearly dealing with another 
case of sympathetic fibres with a cholinergic mechanism. Recently 
Bilbring and Burn [1934] have given evidence that a particular 
vaso-dilator effect in the leg muscles, which they had observed on 
stimulating the abdominal sympathetic chain in the dog, was similarly 


due to a cholinergic component in the postganglionic sympathetic 
fibres. 
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The existence of a number of cases such as these makes it desirable 
to emphasize the fact that they are relatively rare exceptions to the 


generally adrenergic nature of peripheral sympathetic effects. Even the 


vaso-dilator effects of sympathetic nerves, as seen in the Carnivora after 
ergotoxine, are predominantly adrenergic, being produced by small in- 
jeetions of adrenaline even more readily than by stimulation of the nerves, 
though these may in some cases contain cholinergic fibres, also of true 


_ sympathetic origin. A good example of the complicated physiological 


picture which may result, and of the readiness with which it can now be 
interpreted, is given by Langley’s [1923] description of the vaso-motor 
changes in the pads of the cat’s foot, in response to stimulation of the 
sympathetic nerve supply. The predominant feature of the response was 
vaso-constrictor pallor; but this was often followed, or might be preceded, 
interrupted, or even replaced, by flushing. Atropine removed the vaso- 
dilator component, leaving an uncomplicated vaso-constrictor effect. 
Langley attributed this atropine-sensitive vaso-dilatation to the escape 
of some metabolic product of the activity of the sweat glands. We can 
have little hesitation now in attributing it to leakage on to the blood 
vessels of acetylcholine, released to transmit the secretory sympathetic 
impulses. Langley confirmed the observation of Dale that after ergo- 
toxine sympathetic stimulation caused uncomplicated flushing ‘of the 
pads; and he found that under these conditions a vaso-dilator action 
persisted after further injection of atropine. Ergotoxine, accordingly, 
revealed an adrenergic vaso-dilator component in the sympathetic effect 
on the blood vessels, distinct from the cholinergic effect secondary to the 
transmission of stimuli to the gland cells. The general rule that post- 
ganglionic fibres in the parasympathetic parts of the system are cholin- 
ergic, and that those in the sympathetic part of the system are adren- 
ergic, still holds; but there are exceptions to this rule, and the recognition 
of these will clear up a number of outstanding anomalies. 
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In attempting to analyse the phenomenon, that during the stimulation of 
the vagus to the isolated frog’s heart a vagomimetic substance appears 
in the perfusion fluid, Witanowski [1925], Plattner [1926], and 
Engelhart [1930] suggested that the substance was formed during 
stimulation. Their conclusion was based on the fact that the vagomimetic 
activity of the acid-alcoholic extract of the part of the frog’s heart 
stimulated by the vagus was greatly increased, as compared with the 
unstimulated part. The increase of vagomimetic activity found in some — 
trichloroacetic extracts of submaxillary glands, made during chorda 
stimulation [Bezn4&k, 1932 a], was explained in the same way. _. 

Now this explanation appears to be contrary to that which is 
accepted for similar physiological processes, in which active principles 
are merely liberated from preformed but inactive precursors. This ap- 
parently exceptional behaviour of the autacoid mechanism of the para- 
sympathetic nerves made reinvestigation of the problem necessary. The 
result of these experiments gave rise to a new question: in what form does 
the acetylcholine exist in the tissues? Observations, which may be useful 
in solving this problem, are also recorded here. 


METHODS. | | 


Since Chang and Gaddum [1933] recently criticized the methods of 
acetylcholine assay, we need deal only with those which have been most 
commonly used in the past and are likely to be used in the future, namely 
the frog’s heart on the Straub cannula, the isolated frog’s rectus and the 
dorsal muscle of the leech, as described by Minz [1932]. 
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THE ASSAY OF ACETYLCHOLINE ON THE FROG’S HEART. 


When acetylcholine in pure Ringer’s solution is applied to the frog’s 
heart, the response shows a variety of type and sensitivity. Amongst 
autumn frogs a sensitivity to 10-°y in 0-5 c.c. was not unfrequently met 
with. In two cases out of 1000 Rana esculenta a sensitivity to 10-"*y was 
also found. For the majority of frogs’ hearts 10-°y is the lower asymptote 
and 100y the higher, this concentration causing the heart to stop. The 
following types of responses. were found. About 10-20 p.c. of the hearts 


react to the lowest efficient concentration with a «mall negative inotropic 


effect; on increasing the concentration there was hardly any increase in 
the effect, until suddenly, at generally 10-100 times the greatest effective 
dilution, the heart stopped. Another 5 p.c. of the hearts gave too great 
a negative inotropic response, losing about 90 p.c. of the length of the 
original concentration, and within wide limits there was no correlation 
between the acetylcholine concentration and the degree of the effect. 
About 55-60 p.c. of the hearts responded with exclusively negative 
inotropic effect. It could be shown that the curve of the decrease as 
described on the moving surface was a hyperbola. If such hearts are 
treated with increasing concentrations of acetylcholine from 0-01 to 1-0y 
and the maximum of the decreases plotted on logarithmic paper as ordi- 
nates against the concentrations as abscisse, a curve is obtained the 
equation for which corresponds to that given by Freundlich [1922] for 
the adsorption isotherm. Fig. 1 may serve as illustration. Here, 0-0ly 
acetylcholine caused a loss of 20 p.c. of the length of contraction as 
measured from the zero line, 0-1 y 39 p.c., and ly 74 p.c. The value of « was 
found to be 10-*-486, 10-*-597, 10-*-718 and that of n, 0-290, 0-284, 0-278. 
The constants naturally varying from heart to heart, the curve is also 
different, but since for each particular heart the curve is typical of 
acetylcholine, when a tissue extract that gives a negative inotropic effect 
is tested on the frog’s heart it should give on different dilutions the same 
response curve as is given by pure acetylcholine solution, ¢.g. in Fig. 1 
the tissue extract in 1 : 100,000 dilution gave the effect given by 0-Oly of 
acetylcholine, a depression of 17 p.c. in 1: 10,000 dilution that given by 


O-ly or 38-5 p.c. decrease, in 1: 1000 that of 1-0y of acetylcholine or 


57 p.c, 

Chang and Gaddum [1933] summarize the properties which should 
be possessed by any tissue extract exhibiting effects similar to those of 
acetylcholine, before those effects can be ascribed actually to acetylcho- 
line. To these it should be added that the dilution gradient of the extract 
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should exactly correspond to that of a pure acetylcholine solution in 
Ringer. If this is not the case the active principle is either not acetyl- 
choline, or the extract still contains modifying substances besides 
acetylcholine. 

In our pipacimante | two kinds of extracts were used. One was made 
with N//100 HCl in alcohol, as described by Witanowski [1925] and by 
Engelhart [1930]; the other with 10 p.c. trichloroacetic acid as de- 
scribed by myself [Bezn&k, 1932a]. Both extracts gave, of course, very 
good negative inotropic effects, but neither of them gave on subsequent 
dilutions the same curve as was given by a pure Ringer solution of 


Fig. 1. The assay of acetylcholine (4.0.) in acid-alcoholic extract of frog’s heart. —5, 
0-01 y 4.0. in 0-5 perfusion Ringer; —4, 0-ly 4.c.; —3, 1-Oy 4.0.; 100,000, extract 
diluted to 1 : 100,000; 1000, 1:1000. 


scctploholine According to the usual practice a single dilution of the 
extract is found which gives a good effect, and then different acetyl- 
choline solutions are tested until one is found which gives a similar effect. 
This is a very misleading practice. The 10 p.c. trichloroacetic acid extract 
of the frog’s heart in a dilution of 1 : 25 gives an effect which is only given 
by an acetylcholine solution containing 50y acetylcholine in 5c.c. of 
Ringer. Calculated from this the enormous quantity of 227-2 mg. 
acetylcholine in 100 g. of wet tissue was obtained. Now, when the acetyl- 
choline solution is diluted 10, 100, and 1000 times the effect given by the 
frog’s heart will correspond to the formula, but the extract diluted 
10 times (1 : 250) will hardly give any negative inotropic effect. The same 
is true of the alcoholic N/100 HCl extract, though the quantitative 
9—2 
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relations are different. The conclusion reached was, that neither of these 
two extracts can be used safely on the frog’s heart for quantitative assay. 
A choline ester very similar to acetylcholine is undoubtedly present, but 
its effect in different dilutions is modified by other constituents, being 
increased in higher concentrations and depressed in greater dilutions. 

Of the factors which may have a modifying influence on the effect of 
acetylcholine, the following were studied: 

(1) The osmotic pressure. When the NaCl concentration of the frog’s 
Ringer was raised from 0-65 to 0-95 p.c. no regular change in the reaction 
to acetylcholine was observed. Some frogs’ hearts showed no sign of 
effect at all, while others gave decreased or increased response to acety]- 
choline. 

(2) To the H-ion concentration the frog’s heart is very sensitive. A 
change of 0-2 pH in either direction may cause it to react to acetylcholine 
very differently, although the change of the pH had in itself no effect 
whatsoever. As a rule shift towards the acid side of neutrality increases 
the reaction, but oppositely affected hearts are not unfrequently found. 
At pH 7-8 most frogs’ hearts give a good response, and show good re- 
sistance to repeated applications of acetylcholine. Throughout this work 
especial care was taken to maintain the pH of the solutions at pH 7-8. 

(3) The presence of up to 0-1 mg. of choline had no modifying influence 
on the acetylcholine response of the frog’s heart; larger amounts, 2-100 mg., 
decreased or even suppressed the effect of acetylcholine, leaving a de- 
creased sensitivity behind. Prolonged treatment with such a concentra- 
tion may decrease the sensitivity of the heart to such a degree that it can 


_ withstand as much as 0-1 mg. acetylcholine, which otherwise is inevitably 


fatal. The presence of 0-1 g. choline sometimes causes an increase in the 
acetylcholine response. It appears probable that the effect of choline in 
its depressing concentrations is due to the acetylcholine being dislodged 
from the active surface. 


(4) Histamine had no effect on the frog’s heart in any of the concentra- 


tions likely to occur in tissue extracts. 

When known amounts of acetylcholine in Ringer solutions are esti- 
mated by trichloroacetic acid extraction [Bezn4&k, 1932 a] and tested 
on the frog’s heart, the recovery is very satisfactory indeed. The loss 
rarely reaches 20 p.c. If, therefore, known amounts of acetylcholine 
added to a frog’s heart and extracted do not give the same good recovery 
when tested, this must be due either to the presence of a substance which 
makes the acetylcholine soluble in ether, so that it is removed in the 
preparation of the extract, or of some other substance which, like choline, 
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inhibits the action of acetylcholine. That the latter is the case is proved by 
the fact that known amounts of acetylcholine added to frogs’ hearts do 
not seem to be recovered on extraction, and that when the same even 
considerable amounts of acetylcholine are added to the extract just 
before testing, they cannot be detected by the test. The trichloroacetic 
acid extract, therefore, contains some substance which depresses the 
acetylcholine’ effect. This possibility has already been suggested by 
Chang and Gaddum [1933]. The effect is more pronounced in greater 
dilutions; in less dilute extracts, as already mentioned, an increasing 
effect is apparent. This is true - of alcoholic N/ 100 HCl extract though 
to a lesser degree. | 

The following experiment ial the typical behaviour of the acid 


alcoholic extracts. A large frog’s heart was halved along the longitudinal 


axis, both halves being quickly weighed on the torsion balance. One half 
was extracted at once with alcoholic N/100 HCl, the other, after having 
been ground up with quartz sand in the presence of a few drops of Ringer 
to a homogeneous suspension, was allowed to stand for one hour at room 
temperature, then extracted like the first. When compared on a frog’s 


_ heart they both showed almost identical effects, though the latter was 


slightly stronger. In 1: 10,000, 1: 1000, 1: 100 dilutions their dilution 
gradient agreed with that of a pure acetylcholine solution. Since the 
dilution gradient was identical, the acetylcholine content was calculated 
and gave 2y/g. of wet tissue. It is surprising that standing did not decrease 
the apparent acetylcholine content of the extract. This may be due to any 
of the following causes: (a) the frog’s heart cannot decompose acetyl- 
choline; (6) the vagomimetic activity of the extract is not due to acetyl- 
choline; (c) the vagomimetic activity is due to acetylcholine, but the 
frog’s heart, though it decomposes it, makes it afresh as fast as it de- 
composes it; (d) the acetylcholine was not present as such in the mash, 
but was liberated by the N/100 HCl alcoholic extraction. 

The above experiment was repeated exactly, but one half of the heart 
was allowed to stand with a known amount of acetylcholine. The com- 
parison of the extracts of the two halves showed no difference when 
tested on the frog’s heart. Nothing indicated the presence of the added 
acetylcholine, Yet this acetylcholine had not been completely destroyed, 
because its presence was clearly shown when tested on the sensitized 
leech. The leech showed a considerable loss of the added acetylcholine, 
which should rightly be ascribed to esterase. 

Now, the effect of the alcoholic N/100 HCl extract is abolished by 
atropine, its gradient was identical with that of an acetylcholine solution, 
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its activity is subject to the tissue esterases and is sensitive to alkali 
[Witanowski, 1925]. So on pharmacological grounds,it has every 
claim for being taken for acetylcholine. If so, it can only appear in 


consequence of the action of the acid alcohol. Had it been present at the — 


beginning of the grinding a decrease ought to have been seen. Yet it 
cannot be acetylcholine, because as we saw, the extract inhibits the 
manifestation of the acetylcholine effect. In view of the “dislodging” 
effect of choline, it appears that the substance in question is probably 
another more resistant choline ester. 

In many other cases, as in this, acid alcoholic extraction gave the 
same dilution gradient as a solution of acetylcholine, but in some cases it 
failed like extraction with trichloroacetic acid. The following attempt at 
purification was therefore tried. The heart was first extracted with alco- 
holic N/100 HCl, then the resulting residue with trichloroacetic acid. The 
method gave good results in many cases. Fig. 1 is typical, but since 
unsatisfactory results also occurred it was decided that the frog’s heart is 
unreliable for quantitative work when testing for acetylcholine exclu- 
sively; nevertheless it is.a useful indicator of the purity of a tissue extract. 

Numerous control experiments also proved the fact that when two 
parts of the same heart are extracted with either 10 p.c. trichloroacetic 
acid or alcoholic V/100 HCl under strictly identical conditions and 
the extracts tested on the frog’s heart in identical — the two 
vagomimetic effects are comparable. 


THE ASSAY OF ACETYLCHOLINE BY THE FROGS RECTUS 
AND THE LEECH. 


The contractions of both preparations were recorded with a frontal 
lever. When the asymptotic maximum of the contraction was reached, 
the drum was stopped and the preparation, washed three times with 
Ringer, was allowed to relax to the zero line. Ten minutes after the 
addition of 1 : 100,000 physostigmine salicylate the recording surface was 
moved back until the writing point reached the original starting place. 

The addition of acetylcholine then followed at the same point each time. 
_ When the maximum of each contraction is plotted on logarithmic paper 
as an ordinate against the concentration as abscissa, the curve obtained 
follows the adsorption formula. And here, as in the case of the frog’s heart, 
the gradients of the extract and of acetylcholine solution should agree. 
It is very unlikely that the same quantitative effect with the same dilution 
gradient as that of a pure solution of acetylcholine, on two such different 
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objects as are the rectus and the frog’s heart, can be due to anything but 
acetylcholine. 

Fig. 2 shows the titration of an extract of frogs’ hearts tested on the 
rectus. The leech gives curves of the same type. Fig. 10a may serve as 
illustration. 

Like Chang and Gaddum [1933] we also found that the leech, when 
sensitized, is more sensitive than the rectus. The average limiting sensi- 
tivity of the rectus is between 0-1 and 1-0 acetylcholine in 5 c.c.; that of 
the leech is about ten times greater. But on the whole the rectus appears 
to be preferable for the following reasons. The leech is also sensitive to 


Fig. 2. Assay of acetylcholine (4.c.) in acid-alcoholic extract of frog’s heart; sensitized 
rectus. 1 to 4, ly 4.0. in 5 c.c. eserine (sensitivity increasing at second and third tests) ; 
5, 3-3y.4.0.; 6, 5y 4.0.; 7, T-5y a.0.; 8, 10y 4.0. (sensitivity decreasing in 7 and 8); 9, 
extract, 1:10; 10, ly a.c. confirming the diminished sensitivity. The values of n 
calculated from 4, 5 and 6 when the sensitivity was constant were 1-23, 1-01 and 0-96. 


some inhibitory substances present in the trichloroacetic acid extracts, 
though to a lesser degree than the frog’s heart, whereas the rectus is not. 
The deviations between subsequent contractions in response to the same 
concentrations are smaller in the case of the rectus than in the case of the 
leech. The relaxation time of the rectus is about one-quarter of that of the 
leech. 
On the other hand it is an advantage of the leech that it may be 
treated when unsensitized with as high a concentration of acetylcholine 
as 10y in 5¢.c. without contracting. The sensitivity of the rectus to 
acetylcholine is increased by physostigmine only from four to seven 
times, whereas that of the leech is increased more than 100 times. When 
testing for small amounts of acetylcholine this is a distinct advantage. , 
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_ The acetylcholine reaction of these preparations shows modifications 
under different conditions. First of all both rectus (Fig..2) and leech 
show inoreasing sensitivity to the same concentration at the first three 
additions, It is important that estimation should only be started when 
constant sensitivity is reached. 


Fig. 3. The effect of hypertonic solution on the response of the sensitized leech to ly 4.c. 
I, II, Ringer containing 0-65 p.c. NaCi; IV, VI, Ringer containing 1 p.c. NaCl. 


Fig. 4. The effect of hyper- and hypotonic solutions on the response of the sensitized frog’s 
rectus to ly 4.0. 2, 3, in 5 c.c. of Ringer containing 0-65 p.c. NaCl; 4, 5, 0-91 p.c. (no 
carbonate); 6, 7, 1-04 p.c.; 8, 0-55 p.c.; 9, 0-91 p.c.; 10, 11, 0-45 p.c. NaCl. 


Secondly on raising the ionic concentration of the bath to 1 p.c. 
NaCl the leech shows a decreased response (Fig. 3). The reaction of the 
rectus also decreases. The period which elapses between the addition of 
acetylcholine and the beginning of the contraction becomes longer, and 
the contraction itself smoother (Fig. 4). In a solution of 0-45 p.c. NaCl 
exactly the reverse is the case. The contraction reaches a higher maximum, 
the latent period is shorter and the curve steeper (Fig. 4). The effect of 
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hypertonic solution on the acetylcholine response on these two prepara- 
tions is, therefore, the same as it is on _ histamine response of the virgin 
uterus of the guinea-pig [Dale, 1913]. 


In contrast to the frog’s heart, these preparations are not so sensitive — | 


to changes in the pH. The leech as a rule shows a depressed reaction on 
either side of pH 7:8. On the other hand the rectus generally gives maxi- _ 
mum contractions at about pH 6-8+0-4 (Fig. 5); on either side of this 
optimum there is a depression, but that in the acid direction is the quicker. 
_ In the case of the rectus, the quickest response and the highest and 
steepest contraction was obtained in 0-45 p.c. carbonate-free Ringer. All 
the observations nevertheless were made at pH 7-8 in normal Ringer. 

For the leech it is suitable to increase the relative concentration of the 
KCl (0-014 p.c.) with a corresponding decrease of the CaCl, (0-008 p.c.), 
because this appears to shorten the period of relaxation. 


Fig. 6. The effect of pH on the response of the sensitized rectus to 1y 4.0 2, pH._7:8; 3, 4, 
PH G8; 5, pH78; 6, 7, pH 8-6; 8, pH 7-8. 


The ata of K-ion concentration has special interest, since in 
concentrated tissue extracts or press juices this may be quite consider- 
able. Out of a batch of sixty leeches ten were tested on this point. None 
of these reacted to the increase in the K-ion concentration with relaxa- 
tion. None of the preparations gave any response to an increase of 
K-ion up to 0-10 p.c. From this concentration up to 0-20 p.c. both the 
leech (Fig. 6) and the rectus (Fig. 7) reacted with contraction, the extent 
of which increased as the concentration increased. This and higher con- 
centrations are toxic to the rectus. The relaxation becomes more pro- 
longed, and the sensitivity to acetylcholine decreases. The leech is more 
resistant. On the rectus, where the acetylcholine causes a contraction 
without sensitization, this response is increased by the simultaneous 
presence of K-ion concentrations which themselves alone had no effect 
(0-06 p.c.). The same is true of both the physostigmine sensitized leech 
and rectus. Chang and Gaddum [1933] state that K-ion causes a 
relaxation on the leech and a contraction on the rectus. 
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The presence of choline influences the siiintthalinn responses of both 
preparations in the same way. The differences are only quantitative. In 
both cases, beyond a threshold concentration, the choline increases the 
acetylcholine effect, This threshold for the leech was 1 mg. choline 
chloride in 5 0.0, of Ringer, for the rectus 0-5 g. Even this increase is very 
small, It is interesting that choline sensitizes the leech somewhat like 
eserine. When subminimal concentrations of choline and acetylcholine are 
tested separately they both fail to produce contraction; given simulta- 
neously there is a very good response which is increased by eserine. 


Fig. 6. The effect of increased KCl concentration on the response of the leech to 1 y 4.0. 1, in 
normal Ringer; 2, 0-06 p.c. KCl in Ringer (no 4.o.); 3, a.c. in 0-06 p.c. KCl Ringer; 
4, 0-10 p.c. KCl in Ringer (no a.o.); 5, 4.0. in 0-10 p.c. KCl Ringer; 6, 0-14 p.c. KCl 


in Ringer (no 4.0.); 7, 4.0, in 0-14 p.c. Ringer; 8, 0-18 p.c. 
9, 4.0. in 0-18 p.c, Ringer; 10, a.c. in normal Ringer. 


Fig. 7. The effect of increasing KCl concentration in Ringer on the rectus and on its response 
to acetylcholine. 1, normal Ringer+ly a.0.; 2, 0-06 p.c. KCl, no 4.0.; 3, 0-06 p.o. 
KCi+1ly a.c.; 4, 0-10 p.c. KCl, no a.c.; 5, 0-10 p.c. KCl+ly a.c.; 6, 0-14 p.c. KCl, 
no A.0.; 7, 0-14 p.c. KCl + 4.0.; 8, 0-18 p.c. KCl; 9, 0-18 p.c. 
Ringer + ly 4.0. 


The final conclusion eiaiad was, that for testing for acetylcholine in 
tissue extracts, which may be diluted sufficiently to exclude K-ion effect, 
the rectus and the leech are the most suitable test objects. For quantita- 
tive estimations the rectus appears to be preferable. The usefulness of the 
frog’s heart lies in its great sensitivity to any impurity present. 

In the course of this work the above three preparations were used in 
attempting to obtain some sas anaes evidence on the following 
questions. 


Tel 
f 
i 
aa 
wi 
ry 
4 
Bey 
4 
ag 
< 
x 
z 
4 
3 
as 
7 


_AUTACOID FUNCTION OF PARASYMPATHETIC. 139 


DOES THE STIMULATION OF THE PARASYMPATHETIC CAUSE AN INCREASE IN 
THE TOTAL CHOLINE ESTER CONTENT OF THE ORGAN EXTRACT? 


This question was first answered affirmatively, using acid alcoholic 
extraction, by Witanowski [1925], Engelhart [1930], and Plattner 
[1926], on the frog’s heart, and by Engelhart [1931] on the m. ciliaris 
of the rabbit. They used frogs’ hearts as test objects. I also found 
that the vagomimetic activity of the trichloroacetic acid extract of 
submaxillary glands as tested on the frog’s heart sometimes showed a 
tenfold increase compared to the resting one, but some cases showing 
no increase were also found [Bezn4k, 1932a]. To prevent the rapid 
destruction of acetylcholine the glands were frozen in situ during the 
stimulation and then removed for extraction. It was supposed that in 
those cases when the increase could not be shown this failure was due to 
a delay. But this supposition proved to be incorrect. As the work went 
on the number of negative cases grew steadily. Finally when absolute 
identity of the working up of the two glands was attained they out- 


numbered the positive ones (Table I). 
Taste I. 
Norm. right gland Stimul. left gland 
Paras the- Paras pathe- 
Dry Dry 
su su 
material A material A 

No. g. mg. mg. p.c. g- mg mg, p.c. 
61 1-65 0-00014 0-09 1:44 0-00013 0-09 
62 1-11 0-02 0-89 0-00022 0-02 
63 1-49 0-17 1-08 0-00260 0-24 
66 0-62 0-00018 0-03 0-73 0-00020 
67 1-11 0-00020 0-18 1-10 0-00022 0-20 
73 0-74 0-00030 0-04 0-52 0-00031 * 
15 1.26 0-00025 0-02 1-05 0-00020 0-02* 

1-89 0-00022 0-01 1-87 0-01 
81 1-49 0-00024 0-02 1-76 0-00080 0-02* 

0-54 0-00195 0-36 0-52 0-00195 0:37 

* Liquid aer. 


It was still believed, however, that failure was due to the fact that the 
warm-blooded submaxillary gland could not be frozen sufficiently rapidly. 
This explanation had to be given up when it was found that incubation 
for as long as 20 hours did not decrease the acetylcholine content of 
the gland, as estimated after extraction with trichloroacetic acid. The 
following are illustrative protocols. | 

(a) Dog. 6-7 kg. Chioralose. Right and left submaxillary glands removed while being 
frozen in situ. They were weighed (right 5-10 g., left 4-85 g.), sliced on the freezing micro- 
tome and vigorously shaken with 20 c.c. Ringer for 10 min. On part of the suspension an 
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estimation of acetylcholine was carried out by the trichloroacetic acid extraction method: 
0-036 mg./100 g. wet tissue were found. The emulsion was kept at room temperature and the 
acetylcholine content estimated by the same method 1 and 3 hours later. The activity of all 
the samples was found to be the same. Three experiments carried out in the same way gave 
essentially similar results. 

_ In one further experiment, the left chorda tympani was stimulated, 
the glands gave the same type of result. : 

(6) Dog. 15 kg. Chloralose. Left submaxillary gland (5-00 g.) removed and worked up 
under aseptic conditions. Biological assay as in the previous experiment at zero hour, that is 
30 min. after the excision. Suspension allowed to stand at 37° C. for 20 hours. After this 
period the biological assay, as at zero hour, indicated 0-25/100 g. tissue. The experiment 
repeated on 9. xii. 32 gave identical results. 

These experiments indicate that the vagomimetic activity, which is 
manifested by the trichloroacetic acid extracts, cannot be due to the 
acetylcholine present in free and diffusible form, because during this 
period all acetylcholine in such a state would have been completely 
destroyed. Henderson and Roepke [1932] using acid alcoholic extracts 
of the glands, obtained similar results. The conclusion that acetylcholine 
estimated in these tissue extracts is liberated by the extraction appears 
to be justified. Hence the differences I found in my early experiments 
should not be attributed to the effect of the chorda stimulation, but 
probably to differences in the extraction. 

In contrast to the results given by the submaxillary gland there are 
the findings on the frog’s heart. The results obtained on the submaxillary 
gland are open to criticism on the following ground. 

Experiments on the rate of secretion proved [Holzlihner, 1931] 
that 2-5 sec. after the interruption of the stimulation secretion stops. 
Even with freezing in situ when the time for complete freezing is at least 
29 sec. there is a good chance of the destruction of that acetylcholine 
which was present actually as such. The cold-blooded frog’s heart offers 
better conditions in this respect. In order to clear up this contradiction 
the experiments of Witanowski [1925], Plattner [1926] and Engel- 
hart [1930] had to be repeated. 

The vagomimetic activities of different parts of the frog’s heart were 
compared. 

The hearts were suspended on a Straub cannula and washed free from blood with Ringer. 
The lower part of the ventricle after being tied off with a thread was removed quickly, 
weighed on a torsion balance and immediately frozen on the microtome. It was then either 
sliced or rubbed with quartz sand and shaken mechanically with 10 p.c. trichloroacetic acid, 
using 5 c.c. acid for every 100 mg. tissue. In those cases in which the tissue weighed less 
than 100 mg. 5 c.c. acid were always used. The suspension was centrifuged, the extract shaken 


out three times with 2c.c. ether and evaporated to dryness in a large test-tube under 
reduced pressure and below 60° C. The residue was taken up in Ringer, 5 c.c. of the latter to 
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every 100 mg. of the original wet tissue. The solution was made neutral to litmus by the 
careful addition of solid NaHCO, and used for assay on the frog’s heart. The upper part of 
the ventricle, with the auricles, was treated in the same way. This part of the heart must be 
drained free of Ringer before being weighed. The two extracts tested on the frog’s heart gave 
results showing an even distribution of vagomimetic substance throughout the heart 
(Fig. 8). 

The effect of vagal stimulation was now investigated. Both vagi were 
dissected out. The lower part of the ventricle was removed and extracted. 
The rest of the heart, on the Straub cannula, was lowered on to the table 
of the freezing microtome. Both vagi were stimulated near to the sinus 
with a strong faradic current for 5 min. At the end of this period while the 
stimulation was maintained the heart, in a state of relaxation, was frozen 
with CO,. Extraction made as above. In none out of six cases did I see 
an increase greater than the normal variation. 


Fig. 8. The vagomimetic activity of the extract of the upper part of the frog’s heart is the 
same as that of the lower part. 25; 2, ly a.c.; 
3, extract of the upper part, 1:25. 


The method described by Engelhart [1930] was followed to the 
smallest detail. Twelve experiments to compare the vagomimetic effect 
of extracts of the lower part of the frog’s heart with that of its upper part 


_ gave results similar to those shown in Fig. 8. When the normal heart was 


compared with that for which the vagus had been stimulated no difference 
was found between the unstimulated and stimulated parts. Fig. 9 illus- 
trates this fact. 

Using the frog’s heart as test object it could, therefore, be shown that 
there is no new formation of acetylcholine during the stimulation of the 
parasympathetic nerve supply to either the submaxillary gland or the 
frog’s heart. At any rate not within the limits of experimental error, 
which are +15p.c. (These results were presented to the Hungarian 
Physiological Society on June 3, 1933 [Bezn&k, 1933].) This gave rise to 
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the question whether this limitation of the method does not allow sufficient 
space for the appearance of acetylcholine in quantities sufficient to exert 
pharmacological action. 

Up to this point the question of new formation of acetylcholine might 
be decided using the frog’s heart as test object, since the point was the 
comparison of two identical extracts; and its reference to a known Ringer 
solution of acetylcholine was irrelevant for that purpose. Indeed, the frog’s 


Fig. 9, The stimulation of the vagus does not increase the vagomimetic activity of an 
extract of frog’s heart. 1, extract of ventricle, not stimulated, 1: aor ®, ty 4.0.5 
8, extract of upper part, stimulated, 1 : 25. 


heart being more sensitive to both acetylcholine and inhibitory substances 
its use seems to be more advantageous. But to decide the quantitative 
question the frog’s heart could not be used for reasons already discussed. 
Estimations were therefore carried out on the rer glands of 
dogs using the eserinized rectus (Table IT). 


Tasxe II. Acetylcholine content of the trichloroacetic acid extract of 
submaxillary glands of dogs, y/g. of wet tissue. 


Left gland Right gland 
2-0 2-0 
3-9 3-7 
2-6 2-8 
1-0 1-0 


The gland was weighed, frozen on the microtome, sliced and shaken with 10 p.c. 
trichloroacetic acid, 3 c.c. for each g. of tissue, mechanically for 2 hours. Centrifuged. The 
residue extracted twice more by shaking with trichloroacetic acid for half an hour each time. 
One extraction for 2 hours, with two subsequent thorough washings on the Biichner funnel, 
gave 55 +10 p.c. of the total. 

To grind up the gland with quartz sand is distinctly disadvantageous, because in this 
case the trichloroacetic acid dissolves great quantities of impurity. 

The united extracts were shaken out four times with ether, evaporated under reduced 
pressure below the temperature of 40° C., dissolved in the same volume of frog’s Ringer as 
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the weight of the gland, neutralized by the careful addition of NaHCO, in substance. 
0-5 0.0. of this extract was added to 4-5 c.c. in the bath and then the acetylcholine con- 
centration giving a similar effect was found. 


The dilution gradient could be established only in a few cases owing 
to the small concentration of the choline ester in the tissue extract. In 
those cases it corresponded to the dilution gradient of a pure solution of 
acetylcholine. 

This assay confirmed my first finding obtained with the frog’s heart, 
inasmuch as the trichloroacetic acid extracts of the right and left sub- 
maxillary glands contain acetylcholine in equal concentrations. But they 
stand in contrast to my frog’s heart experiments regarding the absolute 
figures, They are of the same order as the results of Chang and Gaddum’s 
[1933] estimations. The frog’s heart estimations gave 0-04-0-4y/g. wet 
tissue. The explanation of this discrepancy lies in two circumstances. 
Firstly, in my earlier experiments a single extraction for 10 min. was 
carried out. As mentioned above, this is far from being sufficient. 
Secondly, frog’s hearts were used for testing and, as experiments already 
described showed, their responses were inhibited by some substance 
present in tissue extracts. 

Chang and Gaddum [1933] in another set of estimations compared 
the acetylcholine equivalent of resting and stimulated glands. They came 
to a conclusion, which is in accordance with my results [Bezn4&k, 1933], 
that the increase of acetylcholine obtained on my earlier experiments 
cannot be attributed to new formation caused by the stimulation 
of the nerve. If the rectus assay is correct then from 1g. of sub- 
maxillary gland about 2 +0-3 of acetylcholine may be extracted. This is 
about 10y+1-5 per gland. It was found [Bezn&k, 1932 6] that at least 
0-0015 p.c. of acetylcholine must be added to the blood of art. max. ext. 
to cause the gland to secrete. This is 15y/c.c. Active surfaces in the 
blood, as was shown by Galehr and Plattner [1928] and Loewi and 
Navratil [1928], adsorb acetylcholine very quickly. Out of the 15y 
only a small fraction is actually free and diffusible and therefore capable 
of acting on the gland cells. A gland of about 5 g. will hardly contain 
more blood than 1-5¢.c.; even if we suppose that the fraction of diffusible 
acetylcholine is one-tenth of the entire concentration, it gives about 2 
extra acetylcholine per gland, which is of the same order as the error of 
the estimation. It is clear that to start the secretion, when acetylcholine 
is liberated in consequence of the nervous impulse, still smaller amounts 
are necessary, since the liberation takes place in close proximity to the 
point of attack of acetylcholine. 
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_ The final conclusion therefore is, that with the present inaccuracy of 
our biological assays, the question whether the secretion is kept up by new 
formation or merely liberation of acetylcholine cannot be regarded as 
decided, though it appears certain that if new formation takes place, it is 
less than 30 p.c. of the acetylcholine extractable from the gland. The 
same conclusion was reached by Chang ahd Gadd um [1933] basing their 
calculation on obtained by Gibbs and Szeliczey [1932]. 

Another attempt was made to decide this question using frogs’ hearts. 
Loewi's original experiment was repeated. The perfusion fluid, 0-5 c.c. of 
Ringer collected during vagus stimulation, affected another heart as did 
a solution of acetylcholine containing 0-001 in 0-5 c.c. of Ringer. After 
stimulation the heart was allowed to recover completely, washed several 
times with Ringer and its acetylcholine equivalent estimated by alcoholic 
acid extraction, using a sensitized leech as test object, it gave 10 y of 
acetylcholine in 1 g. of wet tissue. Since the heart weighed 0-312 g. its 
acetylcholine equivalent is 3-12 y +0-6. Here, therefore, we have figures 
which give perhaps a tolerable approximation of the actual situation and 
we find that the experimental error is several hundred times greater than 
the amount of acetylcholine necessary to exhibit strong vagomimetic 
activity. Altogether five experiments of this type were carried out, two 
more gave practically identical results. In one case the effect of the vagus 
fluid corresponded to 0-ly, the heart contained 2 y+0-4. The error was 
still four times greater than the amount of acetylcholine which might 
have been the product of new formation. One experiment gave truly 
remarkable results. The vagal fluid indicated the presence of 0-0ly 
acetylcholine, the heart contained 0-14 y +0-03 (0-8y/g.). Even here the 
experimental error is three times greater than the acetylcholine liberated 
during vagal stimulation. So the question of new formation could not be 
settled here either. The final conclusion was the same as in the case of 
submaxillary gland ; the new formation, if any, must be less than 30 p.c. of 
the amount originally present, but this margin is amply sufficient to cover 
the whole amount of acetylcholine necessary to account for the vagal 
effect. 

This series gave rise to two other series of experiments. First of 
all it was seen that the amount of acetylcholine liberated during vagal 
stimulation, in five cases, already appeared to vary between 0-001 and 
0-ly. As it is well known, the sensitivity of frogs’ hearts shows similar 
variations. The supposition seemed to be probable that correlation may 
exist. between the acetylcholine equivalent of the frog’s heart and its 
sensitivity to acetylcholine. The sensitivity of the heart was therefore 
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tested with acetylcholine, it was washed, and then its choline ester 
content estimated, but the result was entirely negative. No correlation 
was found. 

The other series of experiments were kindly suggested by Prof. Bel&k. 
In the last of the above-described experiments the acetylcholine liberated 
during 10 min. vagal stimulation amounted to about one-tenth of the 
total acetylcholine present. This gave a chance of decreasing the acetyl- 
choline content of the heart by continuous perfusion combined with vagal 
stimulation. Experiments were therefore carried out as follows. — 

A cannula was tied into the sinus venosus immediately above the entrance of the 
hepatic veins. The frog’s heart was washed free of blood and the right arch of the aorta 
tied off. A Straub cannula was inserted into the left aortic arch and was held in position by 
a support. The lower third of the ventricle was tied off, removed and extracted with trichloro- 
acetic acid, Perfusion was then started and carried out with a pressure difference of 2 cm. 
water, The rate was adjusted by means of a screw clamp to about 0-5c.c. per5 min. Both 
vagi stimulated by Faradic current for 3 min. followed by 2 min. rest. At the end of an 
hour’s perfusion, combined with vagal stimulation, the upper part of the heart was removed 


_ and treated in the same way as the lower third. 


The extracts were compared on the frog’s heart. Although there was a 
slight tendency to show a decrease after perfusion, both with vagal 
stimulation and without, yet it was neither constant nor large enough 
to carry great weight. It is certain that during perfusion there was a loss of 
vagomimetic substance, but the experiment could not decide why the 
perfused part of the heart did not show a greater decrease. This may be 
due either to new formation keeping the vagomimetic substance in the 
heart at a constant level, or the substance given off was too small in these 


- cases. Chang and Gaddum [1933] in their experiments on the sub- 


maxillary gland found similar conditions and favour the latter expla- 


Nation. 


THE EFFECT OF DEGENERATIVE CHORDA SECTION ON THE ACETYL- 
CHOLINE EQUIVALENT OF THE SUBMAXILLARY GLAND. 


Using frogs’ hearts as test objects, and a single trichloroacetic acid 
extraction for 10 min., no difference was found between the acetylcholine 
content of normal glands and those in which the chorda had previously 


been cut [Beznék, 1932a]. Chang and Gaddum [1933] repeated these 


experiments, testing their extracts with sensitized rectus. In five out of 
seven cases they found a decrease in the concentration of acetylcholine 
equivalent after chorda section. It appears probable that the difference 
between their results and mine is due to the single 10 min, extraction not 
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being enough, and that the frog’s heart, as mentioned, is inhibited by 


substances present in the trichloroacetic acid extract. 


This experiment was repeated in the following manner. A length of 
2-4 mm. of the chorda, just below its branching off from the lingual 
nerve, was removed under aseptic precautions. At different intervals, as 
indicated in the table, the glands were removed and their extractable 
acetylcholine compared on the same sensitized rectus, with each other 
and with known concentrations of acetylcholine. 

As Table III shows, the results do not confirm those obtained by 
Chang and Gaddum regarding the concentration of the extractable 
acetylcholine in the degenerated gland, though the glands showed the loss 
of weight described by Langley [1885]. | 


pure Ringer solution. 


III. 
Normal, right gland Left gland, chorda cut. 
Acetyl- Days after Acetyl- 
Weight of choline Weight of choline 
Date gland (g.) y/g. section gland (g.) y/g. 
13. xii. 33 8-0 2-0 1 7:2 2-1 
22. xii. 33 5-7 2-1 10 5-0 2-1 
8. i. 34 46 0-8 24 3-5 0-6 
9. i. 34 10-7 1-2 | 10 9-1 1-2 
10. i. 34 72 1-0 ll 5-9 1-4 
12. i. 34 3-2 1-4 13 2-9 1-4 
13. i. 34 37 1-4 14 2-9 1-2 


In only two cases out of seven was a decrease found, but this is hardly 
outside the normal deviation. It was thought that after chorda section, 
substances may appear which depress the response of the sensitized — 
rectus to acetylcholine. This is not the case, since known amounts of 
acetylcholine had the same effect when administered in the extract, as in 


Doks THE FROG’S HEART CONTAIN ACETYLCHOLINE AS SUCH? 


Attention has repeatedly been drawn to the circumstance that the 
apparent concentration of acetylcholine in tissues, as deduced from 
estimations in tissue extracts, is so high that it cannot exist as such in 
the tissues. Two suppositions are generally put forward to explain this 
circumstance, either that acetylcholine is present in the form of an 
inactive precursor and from that is liberated by extraction, or that 
acetylcholine is present in the cell in a diffusion-tight compartment. 

It has already been stated that incubation of the intact submaxillary 
gland, for as long as 20 hours, does not diminish the acetylcholine 
extracted by trichloroacetic acid. In an excised tissue without blood 
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-” supply, the possibility of a dynamical equilibrium is out of the question. 


The only explanation possible is, that acetylcholine is spatially separated 
from the esterase. It is also known that when the tissue is destroyed and 
incubated, acetylcholine rapidly disappears as it does when added to a 
perfusion fluid. There is also a third fact of importance in this connection. 
When the vagus to the frog’s heart is stimulated, or the chorda to the 
gland, acetylcholine appears in the perfusion fluid, i.e. on the outer 
surface of the cell. When vagomimetic activity is produced by the addition 


of acetylcholine solution, this is added again to the outer surface of the 


cell. All these facts agree with the supposition that acetylcholine is 


_ present in the cell interior free api sg but that the cell membrane 


is impermeable to it. The active s upon which acetylcholine acts is 
on the outer surface, and this is also where its destruction takes place. 
Vagus stimulation is a change of permeability, acetylcholine diffuses out 
into the perfusion fluid and gets to the outer surface, just as when added 
to the perfusion fluid, but here it is also decomposed. The same happens 
when the cell is destroyed. This hypothesis seemed worth testing. A large 
frog’s heart was suspended on the Straub cannula and perfused for 10min. 
with 0-5 ¢.c. of Ringer at pH 5-0 containing 1 : 20,000 physostigmine. On 
the addition of the acid Ringer the heart stopped beating for 2 min. and © 
then started again. After 10 min. the heart was washed with 0-5 c.c. of 
Ringer (pH 7-8) containing 1 : 20,000 physostigmine. The addition of 
acid Ringer was repeated twice. The united perfusates were carefully 
adjusted to pH 7-8 by addition of NaHCO,. They were then tested on 
the frog’s heart and on the sensitized leech. On both preparations it 
had an effect like acetylcholine (Fig. 10 a and 5) which was abolished by 
the application of atropine to the frog’s heart and did not manifest itself 
on the unsensitized leech. The effect corresponded on both frog’s heart and 
leech to an acetylcholine solution containing 0-01 in 0-5 c.c. 

Experiments of the same type were carried out with hypotonic 
solution (0-3 p.c. NaCl), but the appearance of acetylcholine could not be 
demonstrated. Neither was it possible to demonstrate the appearance of 
acetylcholine, when the heart was narcotized with Ringer, previously 
saturated with ether. The only other way to cause the appearance of 
acetylcholine in the perfusion fluid was to increase the K-ion concentra- 
tion, in the absence of Ca, up to 0-08 p.c., but Ringer solution containing 
0-02 p.c. K without CaCl, has the same effect. When testing for acetyl- 
choline this solution should be very carefully treated with CaCl,. The 
amount of acetylcholine here also corresponded to rom 0-1 to 0-Oly 
acetylcholine i in the perfusing fluid. 
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These experiments are interesting inasmuch as they show that changes 
in the ionic concentration are capable of producing the appearance of 
acetylcholine in the perfusing fluid, in concentrations similar to those 
found when the vagus is stimulated. Attention must be drawn to the 


Fig. 10a. 


Fig. 100. 


Fig. 10. The effect of acid perfusion fluid of frog’s heart (a) on the sensitized leech (volume 
of bath 5c.c.): XVII, O-Oly a.c.; XVIII, perfusion fluid; XIX, 0-00ly a.c.; XX, 
0-ly a.c.; (b) on the frog’s heart (volume of fluid perfused 0-5 c.c.): IX, O-ly a.c.; 
X, 0-Oly a.c.; XI, perfusion fluid; XII, 0-Oly a.c.; XIII, perfusion fluid and 2 drops 
of 1: 10,000 atropine sulphate. 


interesting coincidence that a great deal of experimental evidence indi- 
cates that ionic concentration changes caused by permeability changes 
on a surface layer are likely to constitute an essential part of the propa- 
gation of the nerve impulse. 

All the tested four conditions, ether narcosis, hypotonicity, excess of 
H- and K-ions, are known to increase the permeability of the cell, yet 
only the latter two caused the appearance of acetylcholine. This is not in 


-§ 
J 
‘oa 
Per 
A 
By 
te 
f 
~ t 
ia 
al 
4 
ry 2 
“yj 


AUTACOID FUNCTION OF PARASYMPATHETIC. 149 


favour of acetylcholine being present free and diffusible behind an im- 
permeable cell membrane. More direct evidence on this point was sought 
for thus. If acetylcholine is present in the cells as such, a press juice 
should exhibit the same effect as the acetylcholine concentration deduced 
from the extraction methods, provided that the ester is not absorbed 
secondarily, and the press juice does not contain inhibitory substance. 


Fig. 11. The effect of physostigminized press juice of the frog’s heart on the sensitized 
rectus (volume of bath 5c.c.). 2, 3, ly a.c.; 4, press juice undiluted; 5, ly a.c.; 
6, 0-8y 4.0.; 7, 0-6y 4.0.; 8, press juice incubated 90 min.; 9, ly a.c. 


Accordingly twenty frogs’ hearts were excised with the least possible ill- 
treatment and frozen at once on the microtome, sliced and ground up 
with a weighed amount of quartz sand in 4c.c. of Ringer’s solution 
- containing 1 : 40,000 physostigmine salicylate and cooled in ice. The mash 
was reweighed, the weight of the hearts obtained by difference. It was 
pressed out with a hand press through thick linen cloth and the press 
juice tested on the sensitized rectus. It had to be applied in its original 
dilution, since any other dilution was without effect. The effect caused 
by the press juice corresponded to the presence of 0-2y/g. of tissue. 
The press juice was then added to the heart mash again, incubated for 
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14 hours at 37° C., and then tested on the same rectus. A very marked 
increase was found, corresponding to 0-4y/g. The amount was doubled 
(Fig. 11). 

In another experiment the press juice of fifty-two frogs’ hearts was 
prepared without the addition of physostigmine, but cooled as before. — 
The press juice was halved. One half (A) was tested on the native rectus, 
to the other half (B) 1: 100,000 physostigmine was added at once and 
tested on a sensitized rectus. The native rectus was then sensitized and 
the other half of the press juice, to which the physostigmine had been 
added, was tested; it did not show any increase. It is therefore clear that 
this effect was not caused by acetylcholine. It was probably due to K. 
Ringer’s solution with 0-27 p.c. KCl caused about the same effect on both 
_ the native and sensitized preparations as did the two press juices. Both 
press juices were then incubated for 14 hours at 37° C. and tested on the 
same native and sensitized recti respectively. The press juice which did 
not contain physostigmine showed no change, whereas the other one to 
which physostigmine had been added showWell a marked increase. This was 
also shown by the test on the frog’s he&rt where it was found that the 
effect is suppressed by atropine wen b). 

A third batch of twenty frogs’ Kearts was also frozen, ground up, and, 
while still chilled, divided into two known portions; one portion was 
extracted with trichloroacetic acid and tested on a rectus, first native and 
afterwards sensitized ; it showed the presence of 12/g. of wet tissue. The 
other part, pressed and tested undiluted on the native rectus, had no 
effect. It may, of course, be that any acetylcholine present was destroyed 
by esterase. - 

These experiments appear te warrant the following conclusions. In 
the first case, when the hearts were pressed in the presence of physo- 
stigmine the press juice showed about one-tenth of the activity exhi- 
bited by the extracts. This is a fairly small amount, calculated for a 
heart of 0-2 g., it is 0-04, that is to say, a concentration towards which 
many hearts are quite insensitive. Certainly it is near the lowest limit 
for the sensitivity of most hearts. Considering the result of the second 
experiment, when acetylcholine in the absence of physostigmine could not 
be shown to be present at all, but a similar contraction was caused all the 
same, it is doubtful whether even this amount is due to acetylcholine. 
Because of the presence of physostigmine it is unlikely that the low 
concentration of acetylcholine is the consequence of its destruction, since 
physostigmine would prevent this. Since known amounts of acetyl- 
choline, when added to the press juice, showed uninhibited action, the 
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| failure to find acetylcholine i is not due to secondary ren nor to 
inhibitory substances. 


Fig. 126. 

Fig. 12. The effect of press juice of frog’s heart (a) on the rectus (volume of bath 5 c.c.): 
1, 2, ly 4.c.; 3, press juice A (1 : 1) without physostigmine; 4, the same (1 : 4); 5, rectus 
now sensitized with physostigmine and extract B containing physostigmine added, 
rectus washed free of physostigmine; 6, 5y 4.C.; 7, 2-5y 4.0.; 8, 0-2 p.c. KCl in Ringer; 
9, ly a.c. after physostigmine sensitization; 10, press juice A incubated 90 min., 
rectus previously washed free of physostigmine; (b) on the sensitized rectus: 1, 2, 
ly a.0.; 3, press juice A (1 : 1) containing physostigmine; 4, the same (1 : 10); 5, 5y 4.0.; 
6, 2-5y .0.; 7, 0-2 p.c. KCI in Ringer; 8, press juice B (1: 1) incubated 90 min. 


There seems to be no escape from the conclusion that acetylcholine 
does not exist in the frog’s heart in physiologically active quantities. 
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_ The increase of the contraction of the sensitized rectus under the 
influence of the incubated press juice remains to be considered. Since this 
is only exhibited in the presence of physostigmine, the conclusion that it 
is caused by acetylcholine appears to be justified. 

As a final explanation, the possibility suggests iteelf that the acetyl- 
choline is present in a very labile inactive precursor, and that this 
precursor gives off acetylcholine easily on the stimulation of the vagus, 
on increase of the H- or K-ion concentration, on treating the tissue with 
alcoholic HCl or trichloroacetic acid, or even on allowing the broken up 
tissue to stand. 

Naturally the existence of such a precursor is merely hypothetical. It 
is just as easy, ¢.g. to explain the experimental facts known so far, by 
supposing that the acetylcholine is formed by quick acetylation under the 
circumstances enumerated. It remains for further oo to provide 
evidence one way or the other. 


SUMMARY, 
1. The biological assay of acetylcholine in tissue extracts on the frog’s 
heart, on the sensitized leech and frog’s rectus, is discussed. 

2. The results of Henderson and Roepke, Chang and Gaddum, 
and Bezn&k, that there is no increase in the choline ester content of 
extracts of submaxillary gland as consequence of chorda stimulation, are 
confirmed. | 

3. No increase could be found in the vagomimetic activity of that 
part of the frog’s heart for which the vagus was stimulated, as compared 
with the unstimulated part. 

4. Degenerative section of the chorda tympani caused no change in 
the choline ester content of the trichloroacetic acid extracts of sub- 
- maxillary glands, as tested on the sensitized rectus. This is in agreement 
with the results of Beznik, who used frogs’ hearts as test objects. 

5. Perfusion of the frog’s heart with Ringer containing an excess of 
H- or K-ions, causes the appearance of acetylcholine in the perfusion 
fluid in concentrations similar to those obtained on vagus stimulation. 

6. Evidence is put forward that acetylcholine as such, free and 
diffusible, does not exist in physiologically significant quantities in the 
frog’s heart. 

7. The press juice of frogs’ hearts obtained in the presence of physo- 
stigmine shows increasing amounts of acetylcholine on incubation. 


I desire to express my sincere thanks to Sir Henry H. Dale and Prof. 8, Bela4k for 
_ their many suggestions during this work. 
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ACTION OF INSULIN ON THE HEART 
AND BLOOD-PRESSURE. 


By R. K. PAL ann 8. PRASAD. 


(From the Department of Physiology, Prince of Wales 
Medical College, Patna, India.) 


(Received May 22, 1934.) 


BoLtpyREFF and Stewart [1932], while working at the Pavlov 
Institute on the resistance of cold-blooded and warm-blooded animals to 
insulin, noted that injection of insulin caused constriction of pupils, 
decrease in heart rate, blood-pressure and body temperature along with 
diminution of the gastric juice. In order to elucidate further the action 
of insulin on the heart and blood-pressure, the present work was taken up. 


EXPERIMENTAL. 


The effect of the drug was tested on frogs’ hearts continuously per- 
fused with Ringer’s solution containing 0-003 p.c. NaHCO, as suggested 
by Macleod [1930]. In our first experiments we used frogs’ normal 
saline (0-6 p.c.), but owing to gradual relaxation of the heart muscle by 
the sodium chloride, we later used the above solution with undoubtedly 
better results. The experimental drugs were injected from a record 
syringe very slowly into the rubber perfusion tube, about one foot from 
the puncture into the inferior vena cava, through which the perfusion 
cannula was introduced. A cut into the aortic arch formed the outlet of 
the perfused fluid. The rate of the perfusion flow was kept fairly constant 
(35-40 drops per minute) throughout all the experiments. 

For the carotid-pressure tracings dogs were used and the drugs were 
introduced through a venous cannula in the external jugular vein. 

For the experiments insulin (Lilly brand) was used, and for compari- 
son atropine sulphate, nicotine and adrenaline. About fifty perfusion 
experiments were done and in all the cases insulin, in small doses (5-6 
units), caused a slowing of the heart rate with'some irregularity, which 


“as 
154 
“ay 
ey 
q 
A. - 
< 
| 
4 
x 
rag 


ACTION OF INSULIN ON THE HEART. 155 


| lasted for about 2 min., after which the heart again became regular in 
with lower amplitude (Fig. 1). 


Fig. 1. Insulin (6 units) causing slowing of the heart with irregularity. 


Fig. 2. Insulin (20 units) causing stoppage of the heart and 
reappearance of the beats after 5 min. 


Fig. 3. On the left, for comparison with Fig. 2, vagus escape after I min. during stimulation 
of vagus for 3 min. On the right, insulin (10 units), diminished beat then slowing and 


irregularity. 


With large doses (20 units) there was complete stoppage of the heart, 
} to be followed later by a gradual reappearance of the beats of increasing 
| amplitude, till the former or sometimes even a greater height was 
obtained (Fig. 2). 
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This effect resembles that of “Vagus escape.’’ When the vagus nerve 

was subjected to rapidly interrupted induction currents for 3 min., 
- secondary coil at 8 cm., the period of stoppage of the heart (1 min.) was 
much less than that produced by 20 units of insulin (5 min.). 

When atropine (1/50 grain in } ¢.c. saline) was applied before the 
administration of the same dose of insulin, the slowing of the heart was 
much less, the amplitude was diminished for a very short period only and 
the heart was not stopped nor was there much irregularity (Fig. 4). 


Fig. 4. Insulin (20 units) preceded by atropine (0-02 grain sulphate); only a slowing of the 
heart with some diminution in amplitude for a short period, without irregularity or 
stoppage. 


(1) (2) 


Fig. 5. (1) Insulin (15 units) and atropine sulphate (0-01 grain) simultaneously; heart stops 
for 2 min, (2) Insulin (10 units) with the same dose of atropine, heart stops for 30 sec. 


--When atropine (1/100 grain) and insulin (15 units) were given to- 
gether, there was stoppage of the heart for a short time only (about 
1 min.), followed by more forcible and quicker beats, gradually waning 


With the same dose of atropine and a smaller dose of insulin (10 
units), the heart stopped for some 30 sec. before gaining in strength 
again (Fig. 5). | 

Nicotine (0-5 c.c. of 1 p.c. sol. in saline) was also tried before insulin. 
It first of all stimulated and later caused paralysis of the junction of the 
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connector fibres and the inhibitor cells in the cardiac ganglia with 
accordingly first slowing of the heart and diminished amplitude, and then 
stoppage, followed later on by a quickening with contractions of higher 
amplitude. Insulin (10 units) had still its own effect and produced marked 
slowing of the heart. 

When the heart became slow and very feeble after a few irregular 
beats under the influence of 10 units of insulin, adrenaline could resusci- 


Fig. 6. Insulin (10 units) gives its full effect in nicotinized heart. 


Fig. 7. Insulin (10 units hypodermic); no effect till 10 min. later; then a temporary depres- 
sion in the amplitude with some slowing in rate, followed by a slight improvement and 
again a fall lasting for some 20 min. 


tate the heart to its former amplitude of contraction, but later though 
the heart was regular, still the force, so regained, could not be maintained. 

On hypodermic injection of 10 units of insulin into the dorsal lymph 
sac no effect was noticed for about 10 min., when a temporary depression 
in the amplitude was observed with some slowing in rate followed by a 
slight temporary rise, but later by a gradual fall which lasted for some 
25 min. before the effect of the drug totally passed off (Fig. 7). On per- 
fusion of Ringer’s solution the amplitude of contraction increased, coming 
gradually down again. Then when 10 units of insulin were perfused the 
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heart became very feeble, so much so that even 1 c.c. of adrenaline could 
not resuscitate it. 

Blood-pressure tracings in the dog showed a fall, on’ the administra- 
tion of insulin, which was proportional to the dose; when atropine 
(1/50 grain) and insulin (20 units) were given together, the blood- 
pressure still fell, but when insulin was preceded by atropine the fall was 
much less (Fig. 8). 


Fig. 8. Carotid pressure, dog; fall of 8.P. after 20 units of insulin; still evident when 1/50 


"grain of atropine is given simultaneously, ‘but not when the same dose is given about 
half a minute before insulin. 


_ The viscosity and the sugar content of the blood were estimated on 
several occasions, before and after injection of insulin in rabbits and dogs 
(10-15 units), but the former was found to undergo no appreciable change 
to explain the fall of the blood-pressure, when the blood sugar content 
went down considerably. | 

Discussion. 


The diminution in amplitude and rate and the irregularity induced by 
small doses of insulin, and the complete stoppage of the perfused heart 
by bigger doses, show that insulin has an inhibitory action on the heart. 
That these effects are less marked or absent after previous administration 
of atropine in suitable doses, suggests that insulin has possibly a stimu- 
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lating action on the vagus opposed to atropine. This has been corroborated 


by the typical prodastion by a large dose of insulin of what resembles the 


“vagus escape’’ observed during prolonged stimulation of the vagus on 
either side by rapidly interrupted electric current. The antagonistic 
action of atropine to insulin was also noticed, by the estimation of blood 
sugar, by Chahvitch [1929] and Barone [1931] in the turtle’s heart. 
Lastly, Boldyreff and Stewart [1932] state that “insulin causes a 
marked brady-cardia, resembling pilocarpine in this respect.” 

The presence of the insulin effect after nicotine showed that the fibres 
of the vagus peripheral to the ganglia (t.e. the postganglionic fibres) are 
stimulated by insulin and not the junction of the connector fibres with the 
effector cells in the ganglia. 

That adrenaline could produce its effect even after prolonged action 
of insulin proved that there was no paralysis of the sympathetic fibres. 

Comparison of the effects of increasing doses of atropine with those of 
diminishing doses of insulin showed that in the antagonism between the 
two drugs probably the latter is the stronger. 

The blood-pressure under insulin probably falls as a result of the 
slowing of the heart, as this can be prevented to some extent by a previous 
dose of atropine. 

| SUMMARY. 


1, Insulin in small doses produces a slowing of the heart rate with 
some irregularity, and in larger doses complete stoppage of the heart. 

2. This effect is due to the stimulation of the nerve endings of the 
vagus peripheral to the ganglia. 

3. In this respect it acts as a true physiological antagonist to 
atropine. 

4. The blood-pressure also falls after insulin, most possibly as a 


result of the slowing of the heart. 
We express our thanks to Mr H. N. Banerjea, for one by estimating the vis- 


cosity and blood sugar on several occasions before and after injection of insulin. 
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THE BLOOD VOLUME AND OXYGEN CAPACITY OF 
FETAL BLOOD IN THE GOAT. 


By R. H. ELLIOTT, F. G. HALL ann A. 8t G, HUGGETT. 


_ (From the Physiological Laboratory, Cambridge and the 
3 Department of Physiology, University of Leeds.) 


(Received May 23, 1984.) 


THE volume of blood in the adult mammal is of the order of 6-10 p.c. of 
the weight of the animal, and one of its chief functions is to carry oxygen 
from the lungs to the tissues. In the foetus, blood circulates not only 
through the embryo but also through the extra-embryonic tissues of | 
the placenta. The oxygen-carrying capacity of the blood is of peculiar 
interest, since in the early stages of foetal life there is a low red cell count, 
while in the later stages there is a polycythemia which is said to be an 
adaptation to the anoxemia described by Cohnstein and Zuntz [1884]. 

Previous observations on the oxygen capacity and volume of the 
circulating blood were made by Cohnstein and Zuntz [1884]. These 
observers, using the maceration-red cell count method of Welcker, 
determined the volume of blood in the foetal rabbit and found that the 
smaller the foetus the higher the percentage of the circulating blood. It 
may, however, be pointed out that their oxygen determinations were made 
in sheep and not in rabbits (on which the blood volumes were determined), 
and further, they had no exact figures for the age of their foetuses. The 
results of imperfect attempts at footal blood-volume measurements, 
previous to 1884, are summarized in their paper. 

This paper records the results obtained in measuring the volume of the 
blood and the oxygen capacity simultaneously in the foetus of the goat 
at known progressive ages of development in vivo. There were also a few 
measurements made of the blood volume of the new-born kid on the day 
of or day after birth. 
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METHODs. 


The dye-injection method of Keith, Rowntree and Geraghty 
[1915] was employed. The. details were, however, modified in certain 
particulars. A blue dye, the potassium salt of chlorazol sky blue FF was 
used instead of vital red or congo red, as Dawson, Evans and Whipple 
[1920] have shown that a blue dye is superior to a red dye where feasible, 
e.g. animal experimentation. These observers recommended the use of a 
blue dye specially made for them, T. 1854, and a dye appearing in the 


Colour Index [1924] as No. 518. This latter dye marketed in America as 


chicago blue 6B is obtainable in England as chlorazol sky blue FF, and .. 
was therefore used for these experiments. Though the dye possesses anti- 
coagulant properties [Huggett and Silman, 1932], it does not interfere 
with the clotting of blood when employed in the concentration used for 
blood-volume determinations. Another modification of the method 
employed by Keith, Rowntree and Geraghty [1915] was introduced 
in that 1 c.c. of blood only was used for the blood-volume determinations. 

One cubic centimetre of blood was withdrawn, added to 0-24 c.c. of 
potassium oxalate (1-6 p.c., isotonic with blood) and the mixture centri- 
fuged. Ten milligrammes per kg. body weight of the dye were injected in 
a 1 p.c. solution intravenously. Five minutes later 1 c.c. of the circulating 
blood was withdrawn and added to 0-24 ¢.c. of the oxalate solution. The 
admixture of the blood with the oxalate was allowed to take place in 
specially calibrated centrifuge tubes holding just 1-2 c.c. of fluid. The 
percentage volume of the cells was read off after centrifuging. The two 
supernatent plasmas, untinted (before dye injection) and tinted (after dye 
injection), were pipetted off. The standard was then made in the ii 


portions: 
Dye solutioninjected ... O0Olc.c. 
NaCl 0-9 p.c. up to 10-0 c.c. 


This yields a 1 in 20 dilution of the plasma and a 1 in 1000 dilution of the 
dye. The tinted plasma obtained after injection was diluted in the pro- 
portion 0-5 c.c. to 10c.c., yielding 1 in 20 dilution of the plasma. The two 
dilutions were compared in a colorimeter and the dye concentration in 
plasma determined. From this the volume of the circulating blood was 
ascertained. The readings of the centrifuge tube acted as hematocrit 
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readings, since the centrifuging took place for 30 min. at 3000 rev. per 
minute. No hemolysis occurred under these conditions, and the plasmas 
were tinted the same shade of blue, — 


Oxygen capacity determinations. 
These were made by means of the van Slyke constant volume blood 
gas pump. A known volume of the foetal blood was removed, saturated, 
and the oxygen capacity determined, 


Weight determinations. 
In almost all animals the weights of the foetus and of the uterus and 


placenta (before and after separation) were determined so that a table was 
compiled relating uterine age to weight, together with the weights of the 


new-born kids. Operative technique. 


The technique used was that described by Huggett [1927], een 
ether anzesthesia was maintained throughout the operation. The Cesarean 
section was performed in the mid-line under saline at 38° C., so that the 
foetus when removed from the uterus was never exposed to the cold 
atmospheric air. The blood required was removed with a 1-0 c.c. syringe 
from the umbilical vein (oxygenated blood from the placenta). The dye 
was then injected and 5 min. later another cubic centimetre of blood 
removed for the second sample. 

When the blood volume was determined in the new-born kid, the 
blood samples were removed from the external jugular vein (right or 
left) under local anesthetic and the dye injection made into the same 
vein. 


RESULTS. 


Pregnancy i in the goat lasts 20-22 weeks. Three series of goats are 
described in this paper. They were all stocked on known dates so that 
the foetal age was accurately known. The animals were operated on at 
intervals between the 10th week of pregnancy and full term. The new- 
born kids were investigated either on the day of birth or the next day. 
Two cases of triplets occurred in the series, namely goats 21 and 29. They 
differ materially from the general results obtained and are considered 
together at the end of the paper. 


Fetal and placental weights, 
The effect of development upon the weight of the foetus, placenta and 
uterus is shown in Table I and illustrated by Figs. 1 and 2. It will be seen 
that between the 10th week and 20th week the foetus increases in weight 
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I, 
Fetal Placental U 
Goat Weeks Days wt. g. wt. g. wt. g. wt. g. 
17 9 5 15 130 205 127 
6. 10 1 100 354 454 215 
7 1l 0 167 250 417 201 
12 (i) 254 460 240 
(ii) 278 470 748 
9 13 2 380 
10 14 3 646 536 1182 230 
ll 15 0 (i) 730 
12 16 a 1255 870 2125 377 
14 18 0 i) 1842 695 2537 407 
( 1431 621 3083 
21* 19 3 833 352 1185 
“i 960 #467 | 453 
(iii) 952 359 1311 
15 19 6 1974 521 2495 312 
22 20 6 i) 2280 650 2930 
2910, 680 3590} 
24 Kid, Ist day 
21 4 1850 
20 Kid, 2nd day | 
22 2 4800 
29* Kid, 2nd day | 
30 Rid, Ist day 


* Goat 21. This animal had tri of which no. (ii) was examined experimentally. 
Goat 29. con of The others were not available for experimental 


investigation. 
19 times, while the placenta does not treble its weight. The placenta of 


each foetus at the 10th week weighs 354 g., but at the 16th it is 870 g., at" 


the 18th week it averages 658 g. and at the 20th week it has decreased 
to 521 g. Fig. 1 6 shows this alteration in placental weight. This supports 
the well-known fact that in the last quarter of pregnancy the placenta 
degenerates slowly and at full term is partially atrophic [Marshall, 
1922]. The curve of the foetal weight alone in Fig. 1 a shows signs of the 
extra increase in weight as occurring between the 14th and 18th week, 
when it is almost vertical. At the 14th week the foetal weight first exceeds 
the placental weight, in other words for more than half pregnancy the 
foetus is gravimetrically the less important intra-uterine structure. If 
we consider the placenta and fcetus together, that is take the uterine 
contents as one whole, we note that the aggregate weight increases 
regularly along an almost straight line (Fig. 2). - 
11—2 
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_ Fig. 1a. Increase in weight of the foetus during pregnancy. 
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Fig. 16. Increase in weight of the placenta with increase in foetal age. 
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Fetal blood volume, 


In regard to the blood-volume measurements the first point of note is 
the relative volume of corpuscles and plasma as yielded by the hemato- 


crit readings. The percentage volume of the corpuscles in the foetal blood 


4000 
3500|—— Single fxtus 
§ Twin foetuses 
Triplets 


Weight of foctus plus placenta (g.) 


1500 
° 
° 
e ° 
'000- 
: 
500 
Weeks 
Fig. 2. Aggregate weight of foetus and placenta at different stages 
of pregnancy. 


varies irregularly between 22 and 40 p.c. with an average of 31 p.c. In the 
pregnant adult goat hematocrit readings average 50 p.c. (in two deter- 


 ‘Minations). These points are brought out in Tables IT and ITI, which also 


show the calculated blood volume and the blood volume percentage (i) in 
the foetus, (ii) in the foetus and placenta. From these figures, which are 
illustrated by Figs. 3 and 4, it will be seen that the absolute foetal blood 
volume increases progressively throughout pregnancy. __ 
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throughout pregnancy. 
Age of foetus 
Heematocrit Blood 
Goat Weeks Days p.c. vol. c.c 
17 9-5 19 16-3 
6 10-1 29 40-4 
7 11-0 33 39-9 
8 12-1 40 64 
9 13-2 — — 
10 14-3 22 112 
ll 15-0 — 
12 16-1 32 145 
14 18-0 . 29 204 
21 19-3* 28 136 
15 19-6 
20-4 27 428 
24 Kid, Ist day 
21-4 36 161 
20 Kid, 2nd day 
22-2 32 720 
29 Kid, 2nd day* 
id, lst 
21-1 36 563 
* A triplet. 
III. 
per 100 cc. volume Hematocrit of blood 
Age blood p-c. 
9-5 5-7 16-35 19 0-95 
10-1 7-14 40 29 2-88 
11-0 12-9 39-9 33 5-15 
12-1 13-7 64 40 8-75 
14:3 12:3 112 22 12-7 
16-1 14-2 145 32 20-6 
18-0 13 204 29 96-3 
19°3* 11-2* 28 15-2 
20-4 12:8 27 558 
Kid, Ist day 
21-4 16-9 161 36 27-2 
Kid, 2nd day 
99.2 13-4 720 32 96-4 
Kid*, 2nd day 
2 14-6 392 29 51-4 
Kid, 1st day 
16-7 563 36 94-0 
(average) 17-1 2150 50 385 
* A triplet. 
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Tanz Il. Hematocrit readings and blood volume of foetus of goat 


“In In fostus 
foetus placenta 
21-8 8-0 
40-4 8-8 
8-6 
8-6 
17-3 9-5 
11-6 6-8 
14-2 9-9 
14-2 9-55 
14-71 11-95 
9 
15 
11-2 
16-7 
Total 0, 
capacity capacity ae. of the 
as ap.c. 
of conpuscle a teotal plus 
t weight 
0-30 1-27 0-75 
0-25 2-88 0-63 
0-39 3-08 1-23 
0-34 3-14 1-17 
0-56 1-96 1-04 
0-44 1-64 0-95 
0-45 1-83 1-29 
0-40 1-58 1-06 
0-47 1-91 1-55 
0-47 1-47 
0-42 2-00 in 
0-54 1-56 
0-46 2-46 was 
0-35 1-53 (1:53) 


From Fig. 4 it is clear that the percentage of blood (expressed as a 
percentage of the foetal weight) circulating in the foetus is very high about 
the second month of pregnancy. With development it falls to reach an 
approximately constant value of about 14-5 p.c. at the 14th week. After 
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birth there is a more variable percentage found in the new-born kid, the 
values varying between 9 and 16:7 p.c. This is no doubt due to variation 
in the amount of blood which enters the foetus from the placenta during 
labour before the umbilical cord is severed. 

The reason for the high percentage of blood in the early stages 
of pregnancy in the foetus is that it has to fill the vascular bed of the 
foetal portion of the placenta as well as that of the foetus itself. As has 


foetus 
Twin foetuses 
© Triplet foetuses 
Kid 
Kid —triplet 
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a 
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i 12 14 6 I 24 
Fig. 3. Total foetal blood volume throughout pregnancy. 


been shown (Table I) the placenta in the first part of pregnancy is a larger 
body than the foetus. If therefore we consider the relation of the blood to 
the foetus plus placenta, we find it forms an almost constant percentage 
throughout pregnancy at 9 p.c. This compares with the adult average 
of 8-5 p.c. and suggests that the volume of blood bears a constant 
percentage to the weight of the tissues through which it circulates 
whether in utero or in the adult. | 
_ Theonly exception to this is shortly before and immediately after birth. 
In the last three weeks of pregnancy the percentage of blood circulating 
in the foetus and placenta rises, values of 9-9, 9-6 and 11-5 p.c. being 
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recorded. This is possibly due in some degree to the relative decrease in 3 
weight of the placenta towards full term (Table 1). | 

Immediately after birth higher values still are found, with however , 
much more individual variation. This high percentage can be due to two 
causes, first, expulsion of blood from the placenta into the foetus during 


@ Single foetus 
Twin fetuses 
© Triplet foetuses 
Kid 
Kid triplet 
e x 
* 
2 i6 18 20 22 24 
Weeks 
. 4a. Blood volume expressed as a percentage of the fetal weight. 


@ Single foetus 
8Twin fetuses 


oTriplet fretuses 


Weeks 
Fig. 46. Blood volume expressed as a percentage of the aggregate 
weight of the foetus and placenta. 
and after labour before the umbilical cord is severed and, secondly, 
imbibition by the new-born kid, both of which factors can be very 
variable and will account for the irregularity in the values. 


The oxygen capacity of the fatal blood. 
The oxygen capacity (Table III) of the blood is constant from the 


11th week till full term at about 13 p.c. of oxygen per 100 c.c. of blood. 
Previous to the 11th week it is lw—Fig. 5 shows these results. The total 
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oxygen capacity of the circulation increases regularly throughout preg- 
nancy. Considered in relation to the fetal weight the total oxygen 
capacity of the circulation averages 1-5-2 c.c. oxygen per 100 g. of fostus. 
This compares with 1-87 p.c. in the new-born kid and 1:53 p.c. in the 
adult goat. If, however, the total oxygen capacity of the blood be con- 


xx 
5 22 4 


| Weeks 
Fig. 5. Oxygen capacity per 1 c.c. of the fostal blood. 


Weeks 
Fig. 6. Total oxygen capacity of the foetal blood during pregnancy. 


sidered in relation to the tissues in which it circulates, we see it is very 
close to 1 p.c. with, however, low values at the 9th and 10th weeks. This 
emphasizes that the placenta takes toll of the oxygen transfusing it from 
the maternal to the foetal circulation. 

When we look at the oxygen-carrying power of the corpuscle as 


shown by the ratio (Table ITI) ot oe, we see that it alters at about 


the 12th week of foetal life. Previous to that it averages 0-32 over the range 
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0-25 to 0-39, while during the remainder of foetal life it averages 0-46 over 
the range 0-40 to 0-56. 

There is no material alteration in the oxygen-carrying power of the 
corpuscles at birth, but both figures for the new born and the footus are 
lower than those for the adult (0-35). The change in efficiency as an oxygen 
carrier at the 12th week may be due to a different type of cell produced 
possibly from a different source, e.g. from foetal connective tissue in early 
life and from foetal liver in late life, or it may coincide with the disappearance 
of the nucleus from the erythroblast, or both; we have no evidence of the 
dates of these changes. The difference in oxygen-carrying capacity of the 
later foetal cells and the adult cells is very marked and may possibly be 
correlated with the difference in their sources, namely, foetal liver and 


marrow. 
Triplets. 


Goat 21 had three foetuses and was operated on at the 19th week of 
foetal life. The individual foetuses and placente were approximately 
50 p.c. of the normal weights at this age. Goat 29 was one of triplets. The 
_ other two were not available for weighing and investigation. Gravi- 
metrically it is not small for its age, being born in the 21st week of foetal 
life. In these triplets the absolute volume of the circulating blood is 
proportionately low and consequently the percentage circulating in the 
foetus or in the foetus and placenta is apparently normal at 14-2 and 
9-5 p.c. respectively, and in the new-born kid triplet is-11-2 p.c. 

The oxygen capacity of the triplets does not differ materially from 
that of the other foetuses considered. 

In short, the main effect of triplets is to cause an absolute diminution 
in the size of individual foetuses. The physiological functions are not 
materially altered. Consequently, the blood volume and the oxygen 
capacities considered in relation to the weight are normal. 


SuMMARY. 


1. During the first two-thirds of pregnancy in the goat the placental 
weight exceeds that of the foetus. 

2. The aggregate weights of the foetus and placenta show a regular 
increase with foetal age. 

3. The percentage of blood circulating in the foetus and placenta 
(taken together) is approximately the same as in the adult, showing a 
constant relation between blood volume and tissues within which it 

circulates before and after birth. 
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4, The oxygen capacity of the blood is about 13 vol. p.c. from the 
1lth week onwards, Previous to that it is appreciably lower. Corre- 
spondingly, the total oxygen capacity of the circulation is about 1 p.c. of 
the aggregate weights of footus and placenta after the 11th week, but 
previous to this it is smaller, suggesting another available source of 
oxygen, probably from oxygen transfusing the placenta. 

5. The corpuscular carrying power for oxygen falls into three classes, 
poor in the earliest stages, good in the last half of pregnancy and poor 
again in the adult. These alterations possibly coincide with formation of 
corpuscles from three different sources, namely foetal connective tissue, 
fostal liver and adult bone marrow. 


The authors wish to express their indebtedness to Prof. J. Barcroft, for the 
opportunity and for personal aid in making these measurements on this unique series of 
goats. One of us (A. St G. H.) wishes to acknowledge the aid received from a special grant 
from the Government Grants Committee of the Royal Society. 3 
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A STUDY OF THE MISTAKES IN COLOUR MATCHING 
MADE BY PERSONS WITH DEFECTIVE 
COLOUR VISION?. 


By A. B. FOLLOWS, MD., D.P.H. 


(From the Department of Physiology, The University of Liverpool.) 
(Recewed May 28, 1934.) 


WHEN one observes the mistakes made by persons with defective colour 
vision, one is tempted to believe that they are entirely haphazard and 

zo an inability of the individual to make a proper judgment on 
his sensory data. By a systematic study of the mistakes in colour 
matching it can be shown that these are always linked with the reflection 
of light from certain definite regions of the spectrum, namely the long 
wave-length end. 

In 1924 Roaf described results obtained by the examination of 
coloured diagrams in the light of a recombined spectrum; from this 
spectrum any given zone of varying width could be removed. Edridge- 
Green [1920, p. 211] and others had examined similar diagrams through 
coloured filters, but it does not appear that these workers used the 
absorption coefficients of the filters as a measure of the defect in colour 
vision in terms of the spectrum. 

In the paper previously referred to [Roaf, 1924] the observer, with 
normal colour vision, compared the originals with the copies in a dark 
room in which the only light was that of the recombined spectrum of 
which various portions could be occluded until the two diagrams matched. 
It was assumed that when the two diagrams matched to the euchromat 
the portions of the spectrum which produced different sensory effects 
on the euchromat and hypochromat were excluded, the sensory effects 
being judged by the objective colour difference made by the hypo- 
chromat in his copy of the original. 


* This work was presented in part fulfilment of the requirements for the degree of 
Doctor of Medicine in the University of Liverpool. 
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The following statements amongst others were made: 

(1) The colour diagrams always matched the corresponding originals _ 
in light from the “blue” end of the spectrum. 

(2) The defect always occurred in the long wave-length end of the 
‘spectrum, t.e. the “red” end of the spectrum must always be removed. 

(3) In cases in which red and green were confused the “green” 
portion of the spectrum must be removed in addition to the ‘‘red.” 

(4) The confused colours resembled each other in light of about 
5900A., ¢.e. in the yellow region of the spectrum which can be explained 
by the fact that both “red” and “green” pigments reflect about the 
same amount of yellow light. poe 

In view of these previous results it was thought that it would be 
possible to produce a light composed of blue and yellow in which the - 
respective originals and their copies would appear the same. 

In the present paper an improved method of examination of coloured 
diagrams copied by hypochromats is described. 


METHOD. 


Each hypochromat was supplied with a coloured diagram, a plain 
outline of the same diagram, and the same box of paints with which the 
original was coloured. He was instructed to copy the coloured diagram 
as it appeared to him. The paint box contained sixteen colours which 
were relatively impure so that there would be a greater likelihood of 
mistakes being made, and the subject was told that no mixing of colours 
was required, (Any colour in the box might be used more than once or 
might not be used at all.) The colours could be tested on a spare piece 
of paper, but the diagram must not be corrected after the colour was 
applied. The last condition is necessary because wet and dry paints seem 
to differ in “shine,” hence mistakes might be made by hypochromats 
which would be noticed as a difference between the original and copy 
after the copy had dried, yet the same mistake would not be made by 
an euchromat,. Thirty hypochromats made such copies, all of which were 
painted in daylight and under conditions as far as possible identical. 

The apparatus used for the analysis was similar to that employed 
in the previous research [Roaf, 1924], but the method by which various 
parts of the spectrum could be excluded was different. Instead of a 
simple shutter two trapdoors on the principle of lock gates were used. 
One door was pivoted beyond the visible part of the “‘red” end of the 
spectrum, the other door was pivoted at about 4867A., so that when 
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the two doors were closed the only part of the spectrum that would be 
visible was that from 4867 A. to the extreme “violet” end (shown in 7 
of Fig. 2). The two doors were operated by a friction drive so that both 
opened simultaneously. The first light to pass as the doors were gradually 
opened was about 5725A., and when the doors were fully opened the 
whole spectrum was escombined, the only portion missing being a narrow 
band about 4867A., when one of the doors was pivoted and in profile 
to the light, the other lying beyond the visible spectrum and eenetore 
not — with it in the a open position. 


of 


V. B. , G Y. Colour 
4867 5725 7000 A 
Fig. 1. Plan of doors in spectrum. The full line shows the position of the doors X and Y 
when closed. The interrupted line shows the position of the two doors when fully open. 


A B 


if 


side | 
V. B. Colour 
4867 5725 70004 


Fig. 2. Elevation showing doors'X and Y closed with the two wheels A and B in gear. 


Figs. I and 2 show the way in which the trapdoors work. The wheels 
A and B are of equal diameter and in mesh, hence when either is turned 
the other moves equally thus. As shutter X is opened Y is equally 
opened. 

The analysis was carried out in a dark room so that no stray light 
could cause confusion. The two diagrams, original and copy, were sus- 
pended side by side so that with the two doors closed they were illu- 
minated by light from the “blue” and “violet” of the spectrum, in 
which light the differences in colour of the two diagrams could not be 
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recognized. The trapdoors were now opened. When the minimum of the 
“‘yellow” of the spectrum was added to the “blue-violet”-the colour 
appeared almost cream, but the differences in the two diagrams were 
still not recognizable. The trapdoors were fully opened, then gradually 
closed down, cutting off more and more of the red and green from the 
recombined light. As soon as the difference in colour between the two 
_ diagrams could not be recognized the extent of spectrum passing through 
was measured. This band of spectrum was measured by swinging a right- 
angle prism into the path of light so that the light was reflected down 
the collimator of a grating spectroscope. The wave-length readings corre- 
sponding to the edges of the two shutters were read so that a measure 
was obtained of the width of spectral band, which, added to the fixed 
“‘blue-violet” portion, was sufficient for a normal person to recognize 
the colour difference between the — diagram and the copy made 
from it. 


RESULTS. 


On closing down the shutters from the fully open position the fol- 
lowing changes in the apparent colour of the pigments were noted: 
Original colour Became 
Red - pi 


Green -> dirty yellow — brown — 


The.cases may be grouped as follows: 

Group I. There were five subjects, Nos. 1-5, whose diagrams w 
identical with the original, although they were known to be oi 
chromats on other evidence, e.g. Ishihara charts, and the anomaloscope. 

Group II. There were nine subjects, Nos. 6-14, who made slight 
mistakes such as the confusion of brown and orange, carmine and scarlet, 
yellow and orange. The copies made by these nine subjects matched their 
originals in the presence of “‘blue” together with a wide band consisting 
of “yellow” plus some ‘‘red” and “green.” 

Group III. There were three subjects, Nos. 15-17, who made more 
marked mistakes, such as the confusion of “blue” and “purple.” The 
copies made by these subjects matched in the presence of — ” to- 
gether with a narrower band of light than Group II. 

Group IV consisted of thirteen subjects, Nos. 18-30, all of whom 
made gross mistakes, the predominating one being a confusion of “red” 
and ‘“‘green.” Their diagrams matched the original ones in “blue” light 
together with an extremely narrow one in the “yellow.” 
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Taste I. 
“Tight between ware lengths i 

Case indica colour vision 

1 Full spectrum 
2 ” ” 

3 ” 

4 ” 

5 ” 

6 5220 A. and 6230 A. 1010 A. 
5229A. ,, 6172A. 943 

8 52254. ,, 6150A. 925 A. 
9 5345A. ,, 6138A. 793 A. 
10 5379 A. ,, 6109A. 730 A. 
1l 5331 A. ,, 5990A. 659 A. 
12 5352A. ,, 6005A. 653 A. 
13 53744. ,, 59054. 621 A. 
14 54614. ,, 6072A. 611 A. 
15 54184. ,, 6000A. 582 

16 5461A. ,, 6009A. 548 A. 
17 5418A. ,, 5961 A. 543 A. 
18 5553 A. ,, 5889A. 336A. 
19 5533A. ,, 5852 A. 319A. 
20 5587A. ,, 5899A. 312A. 
21 5577A. ,, 5889A. 312A. 
22 5577A. ,, 5871 A. 294 

23 5616A. ,, 5899A. 283 A. 
4 5632 A. ,, 5909-A. 277A. 
25 5592 A. ,, 5866A. 274A. 
26 5615A. ,, 5876A. 261 A. 
27 5682A. ,, 5043A. 261 A. 
28 5621A. ,, 5866A. 245 A. 
29 5630A. ,, 5852A 222 A. 
30 5630A. ,, 5847A 217A. 

DIscussiIon. 


Few investigations similar to the above have been undertaken. Copies 


of coloured paintings have been made and compared through coloured 
glasses, but the extinction coefficients of the glasses were not measured. 
The only systematic study of the defects in copying coloured paintings 
in terms of wave-lengths has been made by Roaf [1924]. 

It is customary to describe two varieties of the usual type of hypo- 
chromatism. Siebeck [1837] divided his cases into: 

(1) Those who saw a coloured spectrum identical in extent to that 
seen by the euchromat. 
_ (2) Those whose red end of the spectrum ended at a shorter wave- 
length than the normal, although light extended to the full length of the 
normal spectrum. 
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Watson [1913] gave measurements by the flicker method showing 
the relative sensitivity of several hypochromats to the “red” and 
“green” of the spectrum. Guttmann [1908, 1909] has compared the 
two classes of hypochromatism with extreme cases of anomalous tri- 
chromatism. As the present observations give no evidence about different 
classes of hypochromatism the subject need not be discussed further. 

The results obtained in the present investigation are in favour of 
the view [Edridge-Green, 1920, p. 181] that defective colour vision 
varies in degree from those with almost normal colour vision to such 
gross defects as inability to distinguish between red and green. 

Collins [1925], in a survey of various cases with defects in colour 
vision, concludes that the colour blind do not fall into groups but show 
all manner of transitional cases. 

Some subjects made accurate copies, although by other tests they — 
can be shown to be defective. All physical factors, wave-length com- 
position, purity and intensity, are in favour of correct matches being 
made, so it is not surprising that the colours are put on correctly although 
by other tests the subjects are shown to be defective. The mistakes made 
are minimal and show that the subjects are at least as bad as indicated 
by the analysis. When the same subject made several copies the actual 
mistakes, as was to be expected, varied from time to time but they 
showed no tendency to become less by repetition and could all be 
explained by the failure to distinguish the same region of the spectrum. 
Various subjects may have different methods of compensation, such as 
recognition of differences in brightness or in smoothness of application 
of the pigments. Not all subjects are sufficiently self-analytical to be 
able to say whether such adventitious aids have been used in making 
the paintings. Until such factors can be eliminated it is not possible 
to state absolutely whether the apparent differences in defect of colour 
vision are due to real differences in the degree of defect or merely to 
variation in the degree of compensation by other properties of the pig- 
ments, On the whole it is more probable that the differences are due to 
the degree of defect in colour vision. 

So far as the nature of the defect is concerned it seems to be due to 
a failure to distinguish “red” from the rest of the spectrum. “Green” 
can be distinguished from “‘blue,” but “green” and “red” are more or 
less confused. In the minor degrees of defect it is merely the shades 
round “yellow” that are not discriminated. That ‘‘red” is not given its 
full value is shown by those minor mistakes in which blue and purple 
are not distinguished. 
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The same deduction that the usual type of defective colour vision is 
an inability, more or less marked, to distinguish ‘‘red” from the rest of 
the spectrum can be drawn from a study of pseudo-isochromatic plates 
such as those of Ishihara, or Schaaff [1925]. When carefully examined 
it will be seen that the hypochromat does not distinguish the red and 
green spots, whilst blue is distinguished from not blue. Thus vermilion 
and yellow-green are confused: carmine is not distinguished from blue- 
green, but carmine is recognized as different from vermilion and yellow- 
green is distinguished from blue-green. Through a red glass the hypo- 
chromat sees the number visible to the euchromat and through a blue 
glass the euchromat can frequently see the number read by the hypo- 
chromat. 

CoNCLUSION. 


By a study of the mistakes made by persons with defective colour 
vision it seems as if they can be graded in a continuous series showing 
more or less confusion in the “‘yellow” of the spectrum extending into 

the “green” and “red” regions. ye 
I wish to offer my best thanks to Prof. Roaf for his interest and advice and for his 
many helpful suggestions throughout this enquiry. I am also grateful to Mr McCarthy 
who has constructed much of the apparatus. Finally, I wish to thank the many students 
and others, who, by their attendance and in other ways, have facilitated the research. 
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UNISEGMENTAL REFLEXES IN THE DOGFISH. 


By J. TEN CATE (Amsterdam). 
(From the Marine Biological Laboratory, Plymouth.) 
(Received May 31, 1934.) 


WHEN in a vertebrate animal a part of the spinal cord, with one pair of 
spinal cord roots attached to it, is separated by two transections from 
the rest of the central nervous system, the so-called isolated spinal cord 
segment is obtained. Experiments carried out on toads and dogs by 
_ van Rijnberk [1909, 1911] have shown that a completely isolated 
spinal segment retains the power of carrying out a series of functions. 
ten Cate [1927] has shown the same in salamanders. In recent years 
van Rijnberk and ten Cate [1932, 1933] have made the same experi- 
- ments in dogs, the animals having been kept alive 1-1} years after the 
operation. It was found in them that the isolated spinal segment in a 
dog possessed all the trophic and reflex powers which may be expected 
from a segmental unity. 

The question arose whether it would be possible to isolate a spinal 
cord segment able to carry out various functions in fishes, e.g. in dog- 
fishes, whence whether unisegmental reflexes are demonstrable in these 
animals also. Further, it seemed important to investigate the reflexes 
functioning after a ventral and a dorsal pair of roots belonging to 
different segments had been separated. We used dogfishes (Scyllowm 
canicula) for these experiments, since in them the dorsal and ventral 
spinal roots of each segment do not lie at the same level but leave the 
spinal cord alternately. 

The animals were first decerebrated, the incision being made just 
behind the lobi optici. During the whole of each experiment fresh sea 
water was passed through the gills. The spinal cord was exposed in the 
usual way, and then a part of it containing one or several segments was — 
separated by double complete cross-sectioning from the rest of the central 
nervous system. The parts of the spinal cord lying cranial and caudal 
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to the separated segment were extirpated over a distance of five seg- 
ments. Lastly the roots of the isolated portion of the spinal cord were, 
when necessary, cut through. The wound was then sewn up. 

After this operation the fishes were left at least 1-1} hours. The 
shock symptoms which are not serious disappear altogether in most cases 
during that time, and the reflexes can be easily elicited. 

Skin irritation was used to elicit the reflexes from the isolated portion 
of the spinal cord. The skin was irritated by a pair of forceps, always 
beginning in the territory showing no reflex and passing gradually to the 
reflex-giving part of the skin. In most cases that portion of the spinal 
cord which is connected with the fins was isolated, because the skin of 
the fins appeared to be most susceptible to stimulation, and contractions 
of the fin muscles could be most easily observed. 


/ 
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Fig. 1. Scheme of isolated segment with venteal (----) pair and dorsal (——) pair of 
roots lying cranially to them. 


I will first describe the experiments in which I isolated from the rest 
of the central nervous system a segment of the spinal cord with one 
ventral pair of roots and the dorsal pair of roots lying cranially to them — 
(Fig. 1). When one has isolated a spinal segment, innervating either the 
anterior or the posterior dorsal fin, and then irritates the reflex-producing 
part of the skin of the fin, one elicits lateral bending movements of this 
fin. These same movements of the fins were obtained when the isolated 
dermatome of the trunk was irritated. They were as a rule weaker than 
when elicited by irritation of the fin itself. Together with the fin move- 
ments contractions in a limited number of trunk muscles were elieited, 
these muscles belonging to the isolated myotome. These contractions, 
although weak, could easily be seen in most of the cases. 

The same results were obtained when a spinal cord segment inner- 
vating the pectoral fins was isolated. When the isolated reflex-producing 
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skin area was irritated contractions of the fin muscles on the same side 
were obtained. The contracting fin was held up to a certain degree. 
When the stimuli were increased one could usually see a movement in 
the other fin too, which was much weaker than in the stimulated fin. 
The movement of both pectoral fins took place in the same direction: 
they were either lifted up or bent down. These experiments prove that 
in dogfishes a spinal cord segment which has been isolated from the rest 
of the central nervous system can retain reflex activity. In all these 
cases we have thus obtained unisegmental spinal reflexes. 

In order to study the crossed unisegmental reflexes more clearly I 
isolated a spinal cord segment from the rest of the central nervous system 
in the way above described, and then transected the dorsal root on one 
side and the ventral root on the other side in a series of fishes. By the 


Fig. 2. Seheme of islatd portion ofthe apna cod with ventral -) pair and a 
dorsal (———) pair of roots situated caudally to them 


use of stimuli applied to the isolated skin area innervated by the dorsal 
root I was able to elicit weak but still clearly perceptible movements in 
the opposite fin which was innervated by the ventral root. In these 
experiments I was able to determine that the crossed reflexes were 
usually stronger than in the experiments where there had been only a 
simple isolation of a spinal cord segment. It was difficult to say what 
the reason was for this remarkable phenomenon. 

After I had succeeded in demonstrating the unisegmental reflexes in 
Scyllium canicula, the question arose whether similar reflexes could be 
elicited when a portion of the spinal cord was isolated together with a 
ventral pair of roots and a dorsal pair situated caudal to the ventral 
ones (Fig. 2). A portion of the spinal cord was isolated in this way in 
a series of dogfishes. When the isolated skin area of a dorsal fin was 
irritated a movement of this fin could always be elicited, brought about 
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by the contractions of the isolated myotome portion belonging to the 
more cranially situated spinal cord segment. 

When the skin of the pectoral fin was irritated, movements in this 
irritated fin could be seen. As far as one could judge with the naked eye 
the reflex movements of the fins in these cases were not less marked 
than in those where a dorsal pair of roots lying cranially to the ventral 
pair had been isolated. 

By strongly irritating the skin of the pectoral fin, movements in the 
fin on the other side too could be elicited. We obtained the same results — 
by isolating a part of the spinal cord in the region controlling the ab- 
dominal fins. 

In the experiments described above the reflex activity of the various 

isolated portions of the spinal cord could be rightly judged by comparing 
- the-various cases. The conditions in which the various preparations were 
experimented upon were not exactly the same. For this reason the 
method was altered as follows. A portion of the spinal cord was isolated 
by two transections in the region controlling the pectoral fins. The portion 
was rather longer including one ventral pair of roots and the dorsal lying 
cranial to it and also that lying caudal to it. After that, on one side a 
dorsal root lying cranial to the section was cut through and a dorsal 
root on the other side caudal to the section. In this way a portion was 
obtained of the spinal cord connected with the pectoral fins by one 
ventral pair of roots and by one dorsal root situated cranially and “ad 
one dorsal root situated caudally to it. 

In these fishes one could irritate the receptive field of the cranial or 
caudal dorsal roots, and notice their influence on the ventral roots lying 
between them. In these experiments one could easily compare the reflex 
contractions of the isolated fin system when the motor centres inner- 
vating them received stimulation through the afferent cranial root, with 
those when it is received stimulation through the caudal root. In these 
latter experiments the whole of the isolated spinal cord portion was 
always in about the same condition, which was imporwns in judging 
the functions of the various roots (Fig. 3). 

These experiments showed that when the isolated portion of the 
spinal cord was in good condition, irritation of the isolated skin areas of 
the pectoral fins produced reflex contractions of the portion of the 
isolated myotome, the strength and extent of which were much about 
the same whether the afferent stimulus came through the cranial or 
whether it came through the caudal dorsal root to. the motor centres of 
the isolated portion of the spinal cord. 
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Equally strong contractions were not always obtained on both sides. 
In a number of the experiments a more or less definite difference was 
found. There did not appear, however, to be any constant difference of 


reaction, sometimes a stimulation of the cranial dorsal root, and some- 


times of the caudal dorsal root leading to a stronger contraction of the 
portion of the isolated myotome. This points to the difference in strength 
of contraction being due probably to a more or less serious lesion of one 


Fig. 3. Scheme of isolated portion of spinal cord with a ventral (----) pair of roots and 
one dorsal root situated cranially and one dorsal root situated caudally to it, 


of the roots during the operation. This supposition is confirmed by those 
experiments in which stimulation of the es i field of either of the 
dorsal roots gave the same results. 


SuMMARY. 


1. Unisegmental reflexes can be obtained in dogfishes after a spinal 
cord segment has been isolated from the rest of the central nervous 
system. 

2. The afferent stimuli are conducted to the motor centres of the 
ventral pair of roots just as much along the dorsal root lying cranial to 
it as along that lying caudal to it. 


I have to thank the Marine Biological Association of the United Kingdom, and in 
particular Dr E. J. Allen for his hospitality and help. 


ten Cate, J. (1927). Arch. néerland. Physiol. 12, 250. 
van Rijnberk, G. (1909). Folia Neurobiol. 2, 718. 
van Rijnberk, G. (1911). Proc. Acad. Sct. Amst, 18, 715. 


van Rijnberk, G. and ten Cate, J. (1932). Ibid. 35, 1267. 
van Rijnberk, G. and ten Cate, J. si Arch. néerland. Physiol. 18, 291. 


3 
| 
4 
| 
x 
4. 
> 


184 
612.744.211 :612.461 . 23/63 


THE EFFECT OF PROLONGED HARD MUSCULAR 
WORK ON SULPHUR AND NITROGEN METABOLISM. 


By HARRY ELLIS CHARTER WILSON, 
(From the Institute of Physiology, University of Glasgow.) 
(Received June 4, 1934.) 


THE influence of muscle work on the metabolism of protein has already 
been comprehensively reviewed by Cathcart [1925], and tentative hypo- 
theses of the changes observed have been made by Cathcart and 
- Burnett [1926], and Wilson [1932], in the light of recent work. During 
the autumn of last year I had the opportunity of making a further series 
of observations on this problem. These were carried out on a long- 
distance racing cyclist who, at intervals of about a week, rode a bicycle 
ergometer for a continuous period of over 8 hours. This paper records 
the results of these experiments. 

In general the results fall into line with those of the literature cited 
above, indicating: 

(1) That there is an increase in N and § in the urine during and/or 
following a period of work. 

(2) That the increase in N excretion bears no relation to the amount 
of work performed. 

(3) That the increase in N excretion tends to be greater the higher 
the protein intake. 

Further, although the data failed to shed more light on the exact 
significance of the increase in N output, they would appear to dis- 
countenance any suggestion that an increase in the wear and tear of 
muscle tissue is involved. 

METHODS. 

Details regarding the subject’s capacity, his diets, and the ergometric 
aspect of the experiments appear in another paper [Wishart, 1934] 
and need not be referred to here. The analyses dealt with in this com- 
munication refer only to the first three of the five dietary periods under- 
gone by the subject. | | : Des 
The subject’s urine was collected under toluol in 24-hour periods. 
The faeces were collected in jaconet and, before putting them on the 
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water bath to dry, were treated with dilute sulphuric acid to fix any 


labile ammonia. The urine was analysed for total N, total §, total sul- 


phates and inorganic sulphates by the usual methods. The feces were 
dried, weighed, and a 0-5 g. portion taken for analysis. In some instances, 
where the passage of stools was irregular, the total feces passed in 
2 or 3 days were mixed and an average daily excretion calculated. 

The method of calculating the excess N and S excretion was the 
same as that adopted by Cathcart and Burnett [1926] and Wilson 


[1932]. The basal N and 8 output was taken as the average of the 


2 or 3 days before work. The increase of N and S on the day of work and 
subsequent days was found by subtracting the basal averages from the 


corresponding figures for the days concerned. 


RESULTS. 


The complete data of the urinary excretion are arranged in Table I. — 
Table II records the relation of the N and the 8 excretion on the work 
and the post-work days to the average excretion of the pre-work days; 
& positive sign indicates retention and a negative excess excretion. — 


I, 
ganic Ether. Neutral 
‘Work TotalN Total S 
Date kg.m. g- g- S:N g- g g. 
Exp. I. 112g. protein: | : 
22. x. 33 14-135 1048 1:13-48 0-844 0-092 O-112 2-44 
23. x. 33 == 13-280 1011 1:13-12 0-791 0-137 0-083 2-44 
24. x. 33 13-342 0-983 1:13:57 0807 0-094 0-083 2-44 
25.x.33 357,360 14-537 1324 1:1097 1-082 0-104 0-138 2-86 
x. 33 16-652 0-945 1:1656 0-780 0-066 2-35 
27. x. 33 13-865 0950 1:14:59 0-780 0-082 0-088 2-35 
28. x. 33 — 13-07 1002 1:13:04 0-771 0098 0133 — 
Exp. II. 39 g. protein: 
30. x. 33 on 6-692 0-703 1: 951 0-571 0-077 2-23 
31. x. 33 _ 6-422 0-714 1: 899 0-439 0096 0179 2-23 
1, xi. 33 353,966 6609 0-817 1: 808 0-633 0-099 1-33 
2. xi. 33 sin 7-005 0-665 1:10:53 0540 0053 0072 2-98 
3. xi. 33 —~ 6-232 0-769 1: 810 0527 0074 0-176 2-98 
4. xi. 33 5101 0-689 1: 740 0507 0061 O121 — 
Exp. III. 213g. protein: | 
7. xi. 33 24-220 1-841 1:13:15 1:593 0055 0-193 2-29 
8. xi. 33 ~ 26-60 1978 1:13:44 1:703 0083 0-192 2-29 
9. xi. 33 25-964 1-923 1:13:50 1-703 0056 0165 2-29 
10. xi. 33 366,850 29-724 2390 1:1243 2170 0-028 0-192 2-80 
11. xi. 33 oo 29-650 1841 1:1615 1621 0055 0-165 1-71 
12, xi. 33 28-035 1889 1:14:84 1614 0034 0-241 1-71 
13. xi. 33 — 26-515 2061 1:.286 1-717 0103 O21 — 
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Taste II. 
Day N 8 8:N 
Exp. I Work-day - 0-952 -0-310 1: 3-07 
Basal N 13-585 Ist post-work day ~ 2-067 + 0-069 
BasalS 1-014 + 0-064 
1:13:39 3rd yp +0-515 —0-012 
Total -—2-784 0-189 1; 14-73 
Exp. Work-day 0-052 0-024 1: 216 
Basal N 6-557 Ist post-work day — 0-448 +0-043 _ 
BasalS 0-708 0-352 -0-061 
S:N 1: 9-26 3rd + 1-456 +0-019 1: 76-6 
Total +0-956 0-023 
Exp. Ill Work-day 4-130 0-458 1: 90 
Basal N 25-594 lst post-work day - 4-056 +0-091 — 
BasalS 1-932 — 2-441 +0-043 init 
8:N 1:13:24 3rd 0-921 0-129 1: 7-13 
Total -11-548 — 0-463 1; 24-94 
Discussion. 


It will be noted in the first instance that the excess N excretion is 
greater the higher the basal output, 1.e. the higher the protein intake. 
In Exp. II, with a basal N output of 6-557 g., there is actually a small 
retention, while in Exp. III, with a basal N output of 25-594 g., the 
excess eliminated amounts to 11-548 g. The excretion of 8 runs, in 
general, along the same lines. 

A detailed examination of the absolute and excess outputs of N and 8 

and the corresponding 8: N ratios shows that the excess S tends to 
precede that of the N, and that the 8 output returns to the basal value 
in advance of the N. This confirms Wilson’s previous observation 
[1932]. 
The 8: N ratio of the total excess of each experiment fails, however, 
to show that this excess is derived from any one tissue protein. In 
Exp. I, where the basal 8: N ratio of the urine was 1 : 13-39, the ratio 
of the excess was 1: 14-73. In Exp. II, with a high basal S: N ratio of 
1: 9-26, there was a slight loss of § and a retention of N; in theory this 
corresponds to a high ratio, i.e. sulphur-rich. In Exp. III, with a basal 
S:'N ratio of 1: 13-24 (approx. the same as in Exp. I), the ratio of the 
excess was 1 : 24-94, in contrast to the 1: 14-73 of Exp. I. These two 
experiments differ in that the N metabolism of Exp. III was almost 
double that of Exp. I. These data would appear to justify emphatically 
the era that no increase in the wear and tear of muscle tissue is 
involved. 


In our opinion it is much more likely that an increase in the katabolism 
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of circulating protein furnishes the source of the excess N and 8 outputs. 
Supporting this hypothesis are the following two facts: 

(1) The absolute excess is less the smallét the protein intake. 
: (2) The 8: N ratio tends to be lower, i.e. poor in 8, the higher the 
protein intake. 
: With regard to (2), Wilson [1931] has shown that the S: N ratio of 
the material stored at high levels of protein intake indicates a S-poor 
substance. If, then, there is an increase in the katabolism of circulating 
_ protein, one would anticipate a lower ratio for the excreted excess 
_ in Exp. III than in Exp. I. Again, in Exp. II, where the basal S: N 
. ratio is 1: 9-26, 2.e, rich in 8, any circulating protein was probably S-rich, 
and it will be noted in this experiment that there was a loss in 8 and 
a small retention of N, theoretically a high 8: N ratio. A similar pheno- 
_ menon was noted in one of Wilson’s [1932] experiments. 


It. is to be noted that the fecal N is relatively even and any small : 


difference is quite inadequate to explain the large excess on the basis 
of improved assimilation of food protein from the gut. | 

The significance of this increase in protein metabolism is at present 
obscure. One point, however, should be noted—the tendency is for the 
rise in N output to take place after rather than during work. A demand 
for an increased supply of metabolites to the active muscle can hardly 
be the cause, as then it would be predominant during work; further there 
is little or no increase to be observed on the low protein diet. 

A tentative hypothesis may be offered. If it be assumed, on the lines 
suggested by Kassowitz [1904], that all food, protein, carbohydrate, 
and fat, is built up into a labile, mobile complex, the composition of 
which varies with that of the food ingested ; and, if it be further assumed 
that muscle work stimulates the metabolic turnover of this material, an 
increase in N excretion in proportion to the N intake would follow as a 
corollary. 

Interpreted on the basis of urinary analysis, the experimental data 
scarcely justify any assertion as to what level of protein intake is best 
suited for carrying out strenuous muscle work, and it should be-recalled 
that the subject performed some 370,000 kg. m. of work in about 8 hours. 
If N loss is taken as criterion, the low protein diet where the excess 
excreted is minimal is to be recommended. 

It is at this point, however, that the feeding habits of people who can 
and do carry out heavy manual work fail to find support from experi- 
ments in the laboratory where N equilibrium is considered a criterion, 
and even an ideal. It is a general rule that heavy manual workers tend 
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to consume a diet rich in protein and fat when this is available. It is 
possible that the physiological bias of the organism under conditions of 
work is towards a reconstitution or remobilization of the mobile N even 
at the cost of a certain loss of this material. It should be noted that 
this loss is transitory and, where the work is continued and the subject 
untrained, hypertrophy, or more probably eutrophy, is the invariable 
result. 
SUMMARY. 


~ Data are given of the N and 8 excretion of a professional cyclist 
doing prolonged muscular work on diets of different — content, 
and the significance of the results is discussed. 


I desire to acknowledge my indebtedness to Prof. Cathcart for much helpful advice 
and criticism during the progress of this work and to Mr H. Light for introducing the 
subject to us. Part of the expense of this research was defrayed by a grant the 
D. C. Andrew Fund, for which I express my thanks. 
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THE EFFICIENCY AND PERFORMANCE OF A 
VEGETARIAN RACING CYCLIST UNDER 
DIFFERENT DIETARY CONDITIONS. 


By GEORGE MACFEAT WISHART. 
(From the Institute of Physiology, Glasgow University.) 
(Received June 4, 1934.) 


Ir is a well-known fact that athletes, of both modern and ancient times, 
and particularly those specializing in contests of the endurance type, 
have laid great stress on the necessity for an ample supply of protein 
in the diet. The physiologist has as yet no very adequate explanation 
of this fact. | 

While there is much evidence, among which may be mentioned the ~ 
recent experiments of Canzanelli and Rapport [1932], to show that 
protein can, when other sources are not available, furnish the necessary 
energy for muscular work, yet it is generally conceded that during work 
on an ample mixed diet, the increase of protein metabolism is so small 
as to be potentially capable of supplying only a fraction of the work 
energy. | 
In athletic training systems not only is particular stress laid on an 
ample supply of protein but frequently also on meat as the main source 
of protein. The vegetarian athlete deprives himself of this possible ad- 
vantage and, in order to obtain a high protein diet within reasonable 
bulk, must depend largely on milk, eggs, and cheese. Data regarding 
the performance capacity and working metabolism in a vegetarian 
athlete are therefore of considerable interest. _ 

During the past year we have had the opportunity of investigating 
a long-distance racing cyclist who had been a vegetarian for years, and 
who was willing to submit himself to investigation on rigidly controlled 
vegetarian diets of varying protein content. 

The subject, C.F.D., now aged 48, had lived on vegetarian diet for 
the past 23 years. From 1910 until 1926, when he gave up racing, he 
secured many records and prizes. He was one of the British competitors 
at the Fifth Olympiad in Stockholm in 1912 and again at the Seventh 
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Olympiad in Antwerp in 1920. As examples of his capacity in road 
racing, the following may be quoted: 1920—100 miles in 4 hr. 52 min. ; 
1919—209-5 miles in 12 hr.; 1921—402-5 miles in 24hr. Although he 
- had given up racing 7 years previously, he did a few training runs in 
the autumn of last year before coming to the laboratory. In one of these 
runs he did 209 miles in 12 hr., so that he was still capable of a very 
good performance. pe 

The subject’s height is 176 om. and his weight 74 kg. Both physically 
and mentally he was in excellent condition. He was deeply interested — 
in the experiments and cooperated in every way to make them as valid 
as possible. 

OUTLINE OF EXPERIMENTAL PROCEDURE. 


The subject took four rigidly controlled diets, each dietary period 
lasting at least a week. In addition some observations were made on a 
fifth uncontrolled diet. In each of the dietary periods, when the subject’s 
metabolism had stabilized to a steady level (this occupied usually 3-4 
days) he pedalled a stationary bicycle practically continuously for 
8 hours. The bicycle ergometer used [McCall and Smellie, 1931] was 
of the Krogh type. The electric brake which maintained a constant load 
on the rider was adjusted in preliminary experiments to a value which 
the subject considered equivalent to the resistance of a good level road. 
This loading was adhered to throughout all the experiments. 

At four (in one case, five) intervals during the cycling period obser- 
vations were made of: (1) the external work, and (2) the total physio- 


_ logical energy expenditure. In addition, the subject’s performance was 


assessed by (1) observations of the ergometer speed at frequent intervals 
throughout the test, and (2) calculation of the total work done in the 
whole riding period. The metabolism determinations were made by the 
Douglas-Haldane procedure. | 


The composition of the four controlled diets, in their chronological 
order, is shown below. 


Diet No. I Diet No. II Diet No. III Diet No. IV 
2} Ib. wholemeal Ib. 8 oz. “Emprote” llb. “Soyolk” 
4 pte. 34 Ib. bananas 
1 Ib. tomatoes 402. tapioca 6 5 oz. tapioca 
6 oz. butter 10 oz. sugar } bb. Ww bread 6 oz. sugar 
3 oz. sugar 2 butter oz. butter apples 
2 oz. raisins 
1 oz. prunes 
2 oz. sugar 


Total protein 112g. Total protein 39g. Total protein 213g. Total protein 208 g. 
Total cals. 4003 Totalcals. 4110  Totalcals. 4154  Totalcals. 4195 
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Diet No. IV was an attempt to obtain a really high-protein diet 
which was rigidly vegetarian, 7.e. excluded eggs, milk, and cheese. As 
will be shown later, this diet was a complete failure. The dietary con- 
ditions in the fifth experiment will be referred to later. 


ROUTINE OF EXPERIMENTS, 


The subject attended daily at the laboratory except on the days 
when a change-over from one diet to the next occurred. On the non- 
working days the daily food was taken in four meals at approx. 9.30 a.m., 
1,30 p.m., 5.0 p.m., and 8.30 p.m. A similar routine of meals was adopted 
during the cycling day of the first experiment, but, since the subject 
had been accustomed when road cycling to eat little and often, he was 
allowed on future cycling days to adopt the following routine. At the 
first meal at 9.30 a.m., before cycling began, he consumed one-quarter 
of the total daily ration; at approx. 1.0 p.m. he took three-sixteenths 
of the daily ration, and a similar amount at 3.0 p.m. and at 5.0 p.m. 
The remaining three-sixteenths of the daily ration was taken after the 
cycling period was over. The subject would have preferred to take his 
food in smaller quantities at still shorter intervals, but this was not 
allowed in order to limit the effects of food on the metabolism determina- 
tions. For the same reason, air samples were always collected just before 
a meal. 

On arrival at the laboratory each morning at 8.45 a.m., the subject 
lay on a bed for half-an-hour. At 9.15 a.m. his basal metabolism was 
determined. At 9.30 a.m. he passed urine, thus completing the sample for 
the previous 24 hours. He then had breakfast and, on the non-cycling 
days, left the laboratory, having the remainder of the day as “free time.” _ 

The daily samples of urine and feces were analysed for nitrogen, and 
as soon as nitrogen equilibrium had been reached for the particular diet 
in progress, he undertook a cycling test. The excretory data form the 
subject of a separate paper [Wilson, 1934]. The routine of a cycling 
day may be illustrated by the programme of one of them (diet No. con 


8.45 Lay down. 
9.15 Basal metabolism determination. 
9.30-10.00 First meal (} of daily ration). 
10.15 Cycling began. 
12.15 Air collection. 
12.256-12.45 Second meal (,*, of daily ration). 
2 Air collection 


.25 

2.35-2.52 Third meal (#, of daily ration). Off cycle 5 min. of this period. 

4.35 . Air collection. 

4.45-5.00 Fourth meal (', of daily ration). Off cycle during whole of meal-time. 
Air collection. 

Cycling stopped. 
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Between meals, one or two grapes, orange juice, and water ad Wi. 
were allowed. 

The total time on the cycle was thus 84 hours and the actual riding 
time 8 hr. 10 min. An almost identical programme was followed in all 
the other cycling experiments with the exception of that on diet IV 
which had to be stopped, owing to extreme flatulence, after 6 hr. 24 min. 
riding. 

The basal metabolism and excreta analyses were carried on for 3 days 
after each cycling experiment in order to observe post-work effects. 
Thereafter followed one change-over day on which no observations were 
made, and, on the next day, observations on the new diet commenced. 

Throughout all four experiments the subject felt that his performance 
would be better if he were allowed (1) on the cycling day, to eat his food 
in smaller portions at more frequent intervals and (2) to take a high- 
protein diet only on the working day, while living at a lower protein 
level on non-working days. A fifth cycling experiment was therefore 
carried out in which no restrictions of any kind were imposed; i.e. the 
subject was allowed to choose the same conditions that would apply in 
road racing. No excreta analyses could, of course, be made. Air samples 
were collected and the results of these are given with the others, but 
this experiment was conducted primarily as a comparative performance 
test. The diet chosen by the subject on his cycling day was as follows: 


Diet No. V 


5 pts. milk loz. butter 
8 54 oz. corn flakes 
tomatoes 
gra 
6 oz. booed 
Total protein 228 g. 
Total cals. 5007 
RESULTS 


(1) Basal metabolism. 
The average basal metabolism on the four diets and the basal meta- 
bolism on the morning following the work day were as follows: 
39 g. protein 112g. protein 208g. protein 213 g. protein 
Average B.M. 36-3 36-9 38-8 37-5 
Post-work B.M. 37-6 37-0 38-9 39-7 


These results exhibit the now well-known features that the basal meta- 
bolism (1) varies with the protein-content of the diet and (2) tends to 
be slightly elevated after severe work. } 
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(2) 


“Performance” is here used in the sense of the output of external 
work. The following table (Table I) gives the external work output for 
the total cycling period on each diet. On all diets except the “ Soyolk” 
(No. IV) this total period was 8 hr. 10 min., but, on the ““Soyolk” diet, 
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Fig. 1. Protein 228 g. (usual), ——; 213 g.,-—-; 208 g. (soyolk), x — x ; 
112g., x x x; 
I, 
A. Referred to B. Referred to 
performance on performance on 
Total in lowest Totalkg.m.in lowest 
g. 8 hr. 10 min. as 100 6 hr. 24 min. as 100 
39 343,966 100 272,000 100 
213 376,850 109-6 289,200 106-3 
228 381,160 110-8 297,000 109-2 
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the experiment had to be terminated after 6 hr. 24 min. For comparison, 
the estimated performances during the first 6 hr. 24 min. of the other 
four diets are also given. These estimates are reasonably accurate since, 
at frequent intervals during each experiment, not only was the subject’s 
speed timed but a note was taken of the total revolutions accomplished 
up to the time of observation. 

It is evident from these figures that with the outa of the 
“Soyolk” diet, which caused the subject acute discomfort, the per- 
formance is greater the higher the protein-content of the diet. The 
differences, though small, are significant in a subject trained to a high 
pitch of efficiency, and, in every experiment, undoubtedly doing his 
utmost. 

The time-course of the performance is shown in Fig. 1, which gives 
the subject’s speed observed over a period of 1 min. at frequent intervals 
throughout each experiment. 

It would appear from this graph that the main gain of the high 
protein ration is in endurance. Until the fourth hour, the speeds of all 
experiments are very similar, but thereafter, a decidedly higher speed 
is maintained on the two high-protein diets which caused no discomfort. 
The speeds on the high-protein “Soyolk” diet are, in general, the lowest 
of all. 


(3) Physiological cost of the work and efficiency. 

As already stated, four, and, in one case, five, estimations of the 
physiological cost of the cycling were made in each experiment. It 
_ would be invalid to average the results for the observations in each 
experiment for at least the following two reasons. First, there is no 
guarantee that the efficiency of the subject will be the same in his fatigued — 
condition at the end of the experiment as it is at the beginning when 
he is fresh. In much briefer experiments than those dealt with here, 
changes in efficiency with the duration of the work have been found by 
Simonson and Hebestreit [1930], though not by Crowden [1934]. 
_ Secondly, the speeds were better maintained throughout some experi- 
ments than in others, and the speed of the movement would certainly 
affect the efficiency. The results are therefore again shown in graphical 
form with time from the commencement of cycling as abscissa. 

Comment has already been made on the fact that the observations 
made on diet No. V might be influenced considerably by the frequent 
taking of food. As, however, these results fell into line with those of 
diet No. III, which was a similar diet but eaten at longer and controlled 
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intervals, the results for diet No. V are included here without further 
comment. 

Fig. 2 shows the amount of external work done per minute during 
the air collection period (about 2 min.); Fig. 3, the total energy expen- 


diture per min. for the same period; and Fig. 4, the gross efficiency, i.e. 
External work cals. x 100 : 
Total energy expenditure cals. calculated from these observations. Values 


900 

g 
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0 ! 2 3 4 5 6 7 8 

Hours 


Fig. 2. Protein 228 g. (usual), ——; 213 g.,---; 208g. (soyolk), x —x; 
ll2g., x x x; 39g., «++. 


for the gross efficiency only are given since it is felt that it is quite 
impossible to make any valid assessment of the quota of the total energy 


expenditure which is due solely to the pedalling movement [Garry and 


Wishart, 1931]. 

The main features shown in these graphs are the following. The ex- 
ternal work, as already noted, is greater on the high-protein diets (with 
the exception of the “Soyolk”). The total energy expenditure (Fig. 3), 
as would be expected, shows a similar trend. The most interesting results, 
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Fig. 3. Protein, 228 g. (usual), ——; 213 g., sousees 208 g. (soyolk), x—x ; 
112g., x x x; 
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Efficiency FE, (gross): p.c. 
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Fig. 4. Protein 228 g. (usual), ——; 213 g., ---; 208 g. (soyolk), x — x; 
112g., x x x; 30g, «++, 
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however, are shown on Fig. 4; although the performance on the high- 
protein diets is greater, the gece efficiency throughout is defi- 
nitely lower. 

The higher speeds maintained on the high-protein diets are no doubt 
in some measure responsible for the lower efficiencies, but that this is 
only a partial explanation is shown by the fact that the lower efficiency 
of the high-protein diets is evident even in the first observations of each 
experiment, where the speeds are very similar. 

A likely explanation could be considered to be the extra specific 
dynamic action of the high-protein diets: The observations of Rubner 
[1910j, of Anderson and Lusk [1917] and of Rapport [1929] have 
shown that the specific dynamic action energy is not available for the 
performance of mechanical work. Such extra energy appearing in the 
total energy expenditure would obviously lower the gross efficiency. 

An attempt was made to control this factor by determining, for 
diet No. I (112 g. protein) and diet No. III (213 g. protein), the subject’s 
energy expenditure in the resting state at the same time after meals 
as the cycling observations had been made. This determination was 
compared with the energy expenditure under basal conditions on the 
same diet, and the difference between the two observations reckoned as 
the specific dynamic action energy which would be present in the total 
energy expenditure observation of the cycling experiment. The figures 
obtenied for the specific dynamic action energies were as follows: 


Protein intake ; action 
112 
213 


A new sak of efficiencies dive these tere diets was then calculated from: | 
: External k cals. x 100 
Total cals. leas cals: Lhese efficiencies (Z,) are shown in 


Fig: 5, and it is evident from this graph that the difference in specific 
dynamic action, at least as we determined it, is not sufficient to account 
for the lower efficiency on the high-protein diet. It is quite possible, of 
course, that the specific dynamic action under working conditions is 
different from that during rest, but on this point no information is 
available, nor does it seem possible to obtain it. 

Nevertheless, whether or not one ascribes the lower efficiencies to 
specific dynamic action, it remains as a fact that the gross efficiency 
of high-protein diets is slightly lower than on a low protein consumption. 
One can only speculate as to why, under these circumstances, the sub- 
ject’s capacity for producing external work is greater on the high-protein 
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régime. No doubt the state of the alimentary tract and possibly espe- 
cially its vascular demand play a large part in determining the subject’s 
performance. Two factors differentiate the “best performance” diets 
(Nos. III and V) from the others—bulk and digestibility. Unfortunately, 
no actual figures were collected for the total bulk of the diets as con- 
sumed, but it may be safely stated that the bulk (as eaten) per cal. 


was less in diets III and V than in any of the others with the possible — 


exception of diet I, and this last the subject complained of as being very 
dry. In digestibility, using this term in a general sense, diets IIT and V 
which consist largely of egg and milk, are obviously superior to any of 
the others. In these two diets, the subject obtained his four thousand 
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Fig. 5. Protein 213g.,-~-; 112g., x x x. 


odd calories in relatively concentrated and readily digestible form; to 
furnish a like amount of energy from any but protein-rich foods demands 
a diet which, to be palatable, must be bulky, or, if the bulk be restricted, 
is so dry and “stodgy” as to be nauseating to a perspiring and thirsty 
subject. 

Emphasising the importance of bulk and digestibility are the facts 
that: 

(1) The experiment with “Soyolk,” also of very high protein content, 


had to be abandoned owing to the extreme flatulence caused by this — 


bean-meal food. Not only so, but even allowing for its shorter duration, 
this experiment showed the poorest performance of all. 

(2) The best performance (diet No. V) was obtained when the food 
‘was consumed in small quantities at short intervals. 
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CoNCLUSIONS. 


(1) In prolonged hard muscular exericse the best performance is 
obtained on a high calorie diet rich in protein of animal origin. 

(2) The better performance so obtained is not due to the muscular 
work being performed more efficiently on the high-protein diet; in fact, 
the gross efficiency is rather lower than on diets comparatively poor in 
protein. 

(3) The lower efficiency of high-protein diets is not — by 
their higher specific dynamic action. 

(4) The fact that only from protein-rich animal foods can a large 
supply of energy be obtained in small bulk and palatable form is probably 
an important factor in the better performance on such diets. } 


SuMMARY. 


The results are recorded of ergometer experiments carried out on a 
first-class long-distance racing cyclist, who subsisted on rigidly controlled 
vegetarian diets of different protein-content. 

The best performance was obtained on high-protein diets, although 
the gross efficiency was then slightly lower than on diets poorer in 
protein. 


In conclusion I wish to thank Prof. E. P. Cathcart for his advice and interest in the 
investigation. Warm thanks are due to Mr H. Light, of the Vegetarian Athletic Club, 
for introducing to us this remarkable cyclist, and to the subject himself for his willing 
cooperation and ungrudging submission to all the restrictions imposed upon him. Part of 
the expense of this research was defrayed by a grant from the D. C. Andrew Fund. 
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THE EFFICIENCY OF BICYCLE PEDALLING 
IN THE TRAINED SUBJECT. 


By R. C. GARRY anp G. M. WISHART. 
(From the Institute of Physiology, Glasgow University.) 
(Received June 4, 1934.) 


In a previous paper [Garry and Wishart, 1931] an attempt was made 
to correlate the efficiency of muscular movement at various speeds in 
bicycle pedalling with Hill’s well-known formula: 


where E =efficiency, 
W =external work of the muscle, 
H =energy liberated by the muscle in doing work W, 
W,=maximum theoretical work of the muscle, 
t =duration of the muscular contraction, 
k, a and 6 are constants. 


The observed values were in satisfactory agreement with the nume- 
rator of the equation, but attempts to find a relation between the 
denominator and the metabolic cost of the muscular effort failed signally. 

These experiments were carried out on untrained subjects. Recently 
the opportunity arose to repeat the experiments on a professional racing 
cyclist. ‘It was hoped that the results obtained would show tlie differences 
between the trained and untrained subject, and also, that it might be 
possible to find more satisfactory agreement in the trained subject be- 
tween the denominator of Hill’s equation and the metabolic energy 
expegded in muscular movement. | 

The trained subject (C.F.D.) rode as an amateur until 1923, and then 
as a professional until 1926, when he gave up racing but still kept himself 
in thorough training. His fitness may be gauged by the fact that, a few 
days before coming to the laboratory, he rode 209 miles on the road in 
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12 hours. In 1912 and 1920 he represented England in the Olympic 
Games. C.F.D.’s age is 48, his height 5 ft. 94 in., and his nude weight 
75 kg. 

METHOD. 

The technique employed was the same as that for the untrained 
subjects. A modified Krogh bicycle ergometer was used with a constant 
speed governor [McCall and Smellie, 1931]. The Douglas-Haldane 
method was employed to estimate the energy expenditure. 

For half an hour the subject pedalled the unloaded ergometer at the 
speed of the subsequent work experiment. A sample of expired air was 
then taken; this gave the energy required for the “no-load” movement. - 
The work experiment was then carried out, the subject exerting the 
maximum effort which he considered he could maintain for 1 hour. Air 
samples were taken at approximately 30 and 45 min: after the com- 
mencement of the work. The data obtained in these two observations 
showed good agreement in all experiments, and the average values are 
used in the following calculations. The external work done during the 
period of collection of the air samples was recorded graphically on a 
drum driven by the ergometer. 

In the untrained subjects it was possible to work at speeds as low 
as 25 rev. per min. In the case of C.F.D., it was impossible to reach 
speeds lower than 40 rev. per min. At lower speeds the force exerted 
by the subject was such that the electrical current necessary to balance 
this force threatened to burn out the field coils of the ergometer. C.F.D., 
however, was able to pedal faster than the untrained subjects, and one 
record was obtained at a speed of 127 rev. per min. 


RESULTS. 


The results are presented in Table I (corresponding to Table I of the 
previous paper), both as calories per minute and as calories per leg move- 


TaBLeE I 
ganee No load External work Total metabolism 
each leg Cal. Cal. Cal. 
movement Cal. per leg Cal. per leg 
t permin. movement permin. movement  permin. movement 
0-24 8-37 0-0330 2-32 0-0091 15-97 0-0629 
0-30 4-72 0-0234 3-00 0-0149 16-22 0-0803 
0-38 3-25 0-0208 2-99 0-0192 15-46 0-0991 
0-54 2-82 0-0252 2-98 0-0266 15-12 0-1350 
0-58 2-84 0-0273 3-16 0-0304 15-65 0-1505 
0-70 2-80 0-0326 2-95 0-0343 14-54 0-1691 


‘ 
> 
5 
: 
& 
> 
J 
t 
x 
4 
¢ 


R. C. GARRY AND G. M. WISHART. 


Efficiency p.c. 


Z i i i i i iS 
Ne Qh 03 04 05 06 07 J 03 04 05 06 077 
Duration of each leg movement 
Fig. 1. 


© 
4 i, 
q 
. 
0100+ 
/ 
“Trained” “Untrained” 
q SN W \ \ 
03 0-4 05 06 0 0-3 04 05 06 07 
4 00400 
3 
3 GU YM YY 
4 a4 Deducting no-load 
0 Gross 


Pins 


EFFICIENCY OF BICYCLE PEDALLING. 203, 


ment. The gross efficiencies and the efficiencies obtained after deducting 
the energy involved in the “no-load” movement (nett efficiency) are 
shown in Table IT. ' 


Taste II, 
Duration of each 
leg movement Gross Nett 
t efficiency 
0-24 14-5 30-6 
0-30 18-5 26-1 
0-38 19-4 24-6 
0-54 19-7 24-2 
0-58 20:2 24:8 
0-70 20:3 25-1 


Fig. 1 presents the results graphically. For comparison, averages of 
the results obtained from the two untrained subjects [Garry and 
Wishart, 1931] over the same range of speeds are treated in similar 
fashion. The abscissa records the duration of each leg movement, i.e. 
half the time of each revolution of the pedal sprocket wheel. The ordinate 
shows, in calories per leg movement, (1) the total energy expenditure— 
top curve of upper graph; (2) the cost of “no-load” movement—lower 
curve of upper graph; and (3) the external work—lower graph. 

This graph shows that, in the trained subject as compared with the 
untrained: 

(1) The total metabolism is greater at all speeds. 

(2) The external work is greater at all speeds. 

(3) The cost of the “no-load” movement is not only relatively but 
also absolutely less. 

(4) The gross efficiency is very constant except at very high speeds. 

(5) The nett efficiency is actually lower due to the low cost of the 


“no-load”? movement. 
Discussion. 


(1) Within the range of speeds covered by C.F.D., there is no evi- 
dence for an optimum rate in bicycle pedalling. It is extremely unfor- 
tunate that the design of the ergometer prevented speeds lower than 
40 rev. per niin. being investigated. 

(2) The nett efficiency rises, as it did in the untrained subjects, with 
shortening of the duration of the muscular movement. There is also a 
tendency for the nett efficiency to rise as the muscular contraction is 
prolonged. This appears to emphasize once more that no satisfactory 


base line for metabolic experiments of this type has yet been obtained. 


(3) There is, nevertheless, a speed at which the energy expended in 
the “no-load” movement is at a minimum. In the trained subject this 
minimum occurs at a higher speed than in the untrained subjects. 
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(4) The fraction of the total metabolic energy expended in the “‘no- 
load” movement is probably an expression of the fitness of the subject, 
and of his better muscular céordination for a definite type of movement. 
In this respect, C.F.D., our subject, compares very favourably with 
M.A.M., the professional cyclist studied by Benedict and Cathcart 
[1913]. At speeds in the neighbourhood of 100 rev. per min., the ratio 


cost of “no-load” movement . 


reg eens is: for the untrained subjects, 62 p.c.; for 
M.A.M., 41 p.c.; and for C.F.D., 29p.c._ 

(5) In this paper, as in the last, the results have been expressed as 
energy output per leg movement, so that an attempt may be made to 
fit our results to Hill’s efficiency formula. Using a k and a W, derived 
from the data obtained at the two extreme speeds, the theoretical ex- 
ternal work was calculated for the intermediate speeds, The results are 
shown in Table III. The agreement is quite fair. The value of 0-194 so 
obtained for k shows that W will be zero at a speed of 154-6 rev. per min. 
The same value for k is obtained by extrapolation of the total metabolism 
and “no-load” curves to their meeting point. 


Taste 
W calculated from 
 W,=0-0474 

t -andk =0-194 W found 
0-24 00091 
0-30 0-0167 0-0149 
0-38 0-0232 00192 
0-54 0-0304 00266 
0-58 0-0315 0-0304 
0-70 — 0-0343 


(6) In our previous paper we found it impossible to make the results 
from untrained subjects fit the denominator of Hill’s equation. We 
found it equally impossible with the present results obtained from the 
trained subject. This is best shown by using the device of Dickinson 
[1929] in which (1—4/t)/E is graphed against t. Theoretically the points 
should fall on a straight line, and from it @ may be read off as the co- 
ordinate corresponding to zero time, and b(=—1/t) as the coordinate 
corresponding to (1—k/t)/E=0. 

In the graph of Fig. 2, k is taken as 0-194, the ius derived Sire, 
This value cannot be grossly in error. In Dickinson’s graph the ex- 
perimental values of H used were obtained by dividing the observed 
external work by the total metabolic cost less the resting work-position — 
basal metabolism: As determination of the metabolic cost for the move- 
ment of the effector muscles is the stumbling block in finding the 
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efficiency, we give three curves, H,, F,, and EH. In E, the gross efficiency 
is used, in H, the efficiency calculated in the manner employed by 
Dickinson, and in £, the nett efficiency (total metabolism less “no- 
It is obvious that all three curves have the same general form, 
and all give values for a and 6 which are mathematically negative and 
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0-4 0-2 03 04 045 0°6 0-7 
: | t=duration of one leg movement. 


‘Fig. 2. 


| physiologically meaningless. While it is probable that the true cost of 


the “no-load” movement differs very materially from our determined 
values, yet Fig. 2 brings out the point that no series of “no-load” values 
would at once give a straight line and acceptable values of a and 5. — 
One cannot escape the conclusion that Hill’s formula, in its metabolic 
aspect, is inapplicable to muscular tissue working in the “steady state.” 

It seems that in all experiments on the efficiency of muscular move- 
ment in the intact animal, it is impossible to assess accurately the quota 
of energy devoted solely to the muscular movements from which the 
external work is derived. Thus, the “nett efficiency,” however interesting 
academically, is no evaluation of the true efficiency of the working muscle 
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groups. In actual practice, the only result of importance is the total 
energy cost to the body, viz. the gross efficiency. This point demands 
emphasis, since the experimental differences between gross and nett 
efficiencies may be very considerable. Furthermore, as in the present 
determinations, increased rate of movement diminishes gross efficiency 
while increasing nett efficiency. 

A point of some practical importance emerges from the fact that the | 
maximum gross efficiency is attained at the slower speeds of pedalling. 
C.F.D.’s racing speed is in the neighbourhood of 100 rev. per min., 
which seems to show that racing technique is open to question. By 
increasing the gearing of the bicycle, it should be possible to use the 
slower more efficient speed of muscle movement. Of course, this in 
practice applies only to track racing, because, on the road, hills prevent 
the use of very high gearing. Nevertheless, Japanese cyclists racing on 
the road over long distances use a speed of about 70 rev. per min. 
[Furusawa, personal communication]. 


SuMMARY. 


Observations on the efficiency of bicycle pedalling have been made 
on a professional cyclist. These observations were made in the “steady 
state,’ using a modified Krogh bicycle ergometer and the Douglas- 
Haldane technique. 

Certain differences between the trained and untrained subject are 
recorded. 

As with our previous observations on two untrained subjects, we 
found it impossible to correlate the results satisfactorily with the eff- 
ciency formula of A. V. Hill. 


The authors would like to express their indebtedness for valuable criticism to Prof. 
E. P. Cathcart. Our thanks are also due to Mr H. Light, of the Vegetarian Athletic 
Club, who introduced the subject to us, and to the subject himself for his willing co- 
operation. Part of the expense of this research was defrayed by s a grant from the 
D. C. Andrew Fund. 
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THE EFFICIENCY OF BICYCLE PEDALLING. 
| By A. V. HILL. 


the Department of Physiology and Biochemistry, 
Unwersity College, London.) 


(Received June 18, 1934.) 


In the preceding paper Garry and Wishart repeat a misconception 
which occurs in their earlier paper [1931] on the same subject. The~ 


formula (I) 


was intended to describe the relation between W, the work done in a 
single maximal muscular movement, and ¢, the time occupied by it. 
The maximal movement was chosen as being the only constan t effort 
experimentally realizable. It was never claimed that the relation would 
hold when W was defined in another way. In their second paper Garry 
and Wishart state that their subject exerted “the maximum effort 
which he considered he could maintain for an hour”’; in their first paper 
[1931, p. 428] with the addition “without showing fatigue.”” The work 
per movement under such conditions bears no predictable or constant 
relation to the maximal work in a single movement for which the 
formula was proposed. 

The “maximum effort” defined in Garry and Wishart’s sense 
depends: 

(a) upon the ieieeiny of the circulatory and respiratory systems of 
the subject; 

_ (6) upon his metabolic and nutritional state and his general “fitness ”’; 

(c) upon his resolution in exerting himself; and 

(d) upon his power of anticipating his capacity for maintaining his 
chosen effort at the given speed. 

The single maximal contraction to which alone the formula should 
be applied is a property of the muscle and simply of the muscle. It is 
obvious, of course, that a subject can make a greater effort per move- 
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ment if the number of movements in a given time (an hour) is less: this 
is partly a matter of the “viscosity” of his muscles, but chiefly of those 
factors which in athletics determine the relation between maximum 
speed and distance. The formula applies properly only to the effect of 
“viscosity” in a single contraction of constant or maximal degree, and it 
gives no information at all on athletic capability or “staying power.” If, 
by chance, an equation of the same type (it is a very simple one) is obeyed 
by the relation between W defined in Garry and Wishart’s sense and t, 
the time for each movement, the meaning and values of k and W, so 
derived will be quite different from those when the equation is used in 
its proper sense. 
Similarly the formula, relating total energy H to duration t, 


H=aW,(1+0t) 


applies solely to “constant” contractions, of which the only one experi- 
mentally realizable is the maximal contraction. If H were defined as 
the energy per movement which a given subject considered he could 
keep up for an hour without becoming unduly fatigued, then there would 
be no reason at all why formula (II) should be obeyed. Such a definition 
of H would inyolve matters of physiology and psychology with which 
formula (II) has nothing to do. The fact that the equation does not fit 
Garry and Wishart’s results is not to be wondered at. 

It may seem at first paradoxical, but although formule (I) and (II) 
are not individually applicable to Garry and Wishart’s data, the 
result of dividing one by the other, the efficiency equation, 


W (1-k/t) 
(III) 


should be applicable. “An unknown factor is eliminated by division. 


Let W be the work in a single maximal contraction defined as before... 


Let any other contraction, defined in any other way (e.g. as by Garry 
and Wishart), involve 1/n of the effort of the genuinely maximal one. 
Then w, the work done by it, and h, the energy liberated in it, are given, 
at least approximately, by formule: 


w=! (1—k/t), 


where is the same in (I’) as in (II’) but is notin general independent 
oft. Garry and Wishart employed equations (I’) and (II’) assuming 
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n to be constant!, for which there is no evidence, so that their tests have 
no significance. If, however, (I’) be divided by (II’), n disappears and 
the fact that a contraction is not maximal no longer matters and we 
get equation (III) above. This is the great virtue of equation (III), 
namely that whereas (I) and (ITI) apply only to a constant (in practice 


to a maximal) contraction, (III) should apply to any contraction whether. 


maximal or not. As Garry and Wishart say, it is unfortunate that 
their ergometer did not allow them to test formula (III) in its —— 
range, namely at low speeds. 

It is realized of course, as has repeatedly been pointed out [e.g. 
Dickinson, 1929, p. 252], that equation (II) is only approximate: it 
neglects the “Fenn effect” (the effect of work on energy expenditure) 
and several other factors; and of course it neglects static and other 
efforts in other parts of the body. It is scarcely fair on it, however, to 
make it bear in addition the brunt of misconceptions as to its applica- 
bility. It expresses in its simplest form the well-known fact, of which 
there is not the least doubt, that the energy expended in a given muscular 
movement increases more or less linearly with its duration. If Garry and 
Wishart had extended. their observations to speeds below 40 rev. per 
min. (t.¢e, to times greater than } sec. per movement) as Dickinson did, 
who went as far as to 3-6 sec. per movement, they would certainly have 
found a fall of efficiency at the lower speeds. Their graph (Fig. 1, efficiency 
versus duration) covers only the range 0-2 to 0-7 sec. Dickinson’s goes 
from 0-2 to 3-6 sec. and gives much more information. The narrow range 
of their observations is the only reason why Garry and Wishart did 
not find an “optimum speed” in their present experiments. 

Although one cannot, as Garry and Wishart attempted to do, deter- 
mine & from equation (I’), » not being independent of ¢, it is possible, 
as Dickinson did, to determine k by separate work experiments on 
genuinely maximal contractions (n=1) and then to calculate (1—4/t) 
and to divide it by E the observed efficiency. The result, from (III), 
should be a(1+bt). Dickinson found the quantity so obtained to be 
a linear function of ¢, as it should be, at least approximately. Garry 
and Wishart did not find a linear relation (see their Fig. 2), but they 
had assumed a presumably false value for k obtained from equation (I’), 


1 n would be constant only in a oc-.;!ant contraction, t.e. in one involving a constant 
number of muscle fibres and a constant frequency of impulses to these. In the contractions 
made by Garry and Wishart’s subject there is no reason at all, as his speed was varied, 
why n should be invariable. Indeed, it is likely that » would be greater at lower speeds: 
certainly a great effort can be better maintained at a low than at a high speed. 
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regarding ” as independent of ¢ which in all probability it is not, and 
not unnaturally with a false value of k the quantity ooh did not 
show a linear relation with ¢. If they had taken k= 0-16 instead of 0-194, 
they would have found a reasonably good linear relation between “= 
and ¢; and 0:16 is exactly the value found by Dickinson og an 
independent method. 

SuMMARY. 


The equations W=W,(1—k/t) and H=aW,(1+6t), for the work 
and heat in a single contraction of duration t, apply only to constant 
and in practice to maximal contractions; the efficiency formula, however, 
which is obtained by dividing one by the other, eliminates an unknown 
factor and is applicable to any contraction. The objections raised by 
Garry and Wishart to the use of these formule are based on a mis- 
_ understanding. 
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THE ACTION OF A SINGLE VAGAL VOLLEY ON 
THE RHYTHM OF THE HEART BEAT. 


By G. L. BROWN anp J. C. ECCLES. 


(From the Physiological Laboratory, Oxford.) 
(Recewed June 22, 1934.) 


Ir may now be taken as established that the vagus exerts its inhibitory 
action on the heart by liberating a substance which biological tests have 
been unable to distinguish from acetylcholine and which in this paper 
will be called a.c. substance (see Feldberg and Krayer [1933] for a 
recent survey of the evidence). Three problems arise out of this first 
important step towards a solution of the vagal action on the heart: 

(1) How do impulses in the postganglionic nerve fibres of the vagus 
liberate a.c. substance? 

(2) What factors govern the transport of a.c. substance from the 
region of its liberation to the site of its action? 

(3) How does a.c. substance exert its inhibitory effect on +e heart, 
e.g. how does it act on the rhythmic mechanism of the pacemaker? 

This paper and the next are for the most part concerned with the third 
problem, but some of the evidence also bears on the first and second 
problems. In the present paper a detailed study has been made of the 
effect on heart rate produced by a single volley of impulses down either 
the right or left vagus of the cat. A preliminary account of some of this 
work has already been published [Brown, Eccles and Hoff, 1932]. 

The inhibitory effect of single stimuli applied to the vagus was first 
described by Donders [1868], who found that the slowing of the heart 
rhythm persisted for several beats. Niiel [1874] stated that a single 
stimulus to the frog’s vagus had no effect on the heart, but Heidenhain 
[1882] found that a very definite slowing was produced. Gaskell [1883] 
observed that a single shock applied to the vagus produced a prolonged 


diminution in the contraction of the tortoise heart, and recently Gilson 
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[1982] has subjected this action of the vagus to a detailed investigation. 
Trendelenburg [1902] found that a single shock to the frog’s vagus 
had only a very small effect in slowing the heart rate. These observations 
of Trendelenburg together with those of Niel provided an experi- 
mental basis for the now discredited idea that the vagus is an iterative 
nerve [Lapicque, 1912; Chauchard and Chauchard, 1922]. ; 


I. 


Decerebrate cats were used in all experiments. The heart was exposed 
at its base and the action potentials of the pacemaker were led off to an 
amplifier and Matthews oscillograph through two silver wires fixed to 
the surface of the heart, one being in the sino-auricular node and the 
other in the auricle. The vagus was dissected in the neck, divided and 
the peripheral end was stimulated by glass shielded silver electrodes. 
A detailed description of the experimental technique is given by Eccles 
and Hoff [1934a]. 


II. EXPERIMENTAL RESULTS. 
(1) Introduction. 


Pl. I, fig. 1, shows a series of observations in which a single induction 
shock (signalled by the stimulus artefact) has been applied to a vagus 
nerve. In each observation it is evident that there has been a lengthening 
of the cardiac cycles following the stimulus.>Similar results have been 
obtained throughout each of our twenty-eight experiments, thus con- 
firming Donders [1868]. In our experiments the induction shocks were 
delivered from coreless coils and were much too weak to have set up more 
than one impulse in any nerve fibre, a conclusion which was confirmed 
by records of the action potential of the vagus. Therefore a single volley 
of impulses passing down the vagus nerve—henceforth called a vagal 
volley—inhibits the rate of the heart beat, 7.c. in so far as its negative 
chronotropic action is concerned, the vagusis not aniterative 
nerve. 

The time course of this inhibition has been depicted by plotting the 
lengthening of each cycle (expressed as a fraction of the normal cycle) 
against the interval that lies between the vagal stimulus and the end 
of that cycle (cf. Donders]. This particular method of plotting will be 
justified later. In this way a series of points is obtained for any one 
observation. But the intervals between these points are too long to 
allow the details of the course of the inhibition to be determined. This 
disadvantage is overcome by plotting the points from several observa- 
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tions, as is done for example in Text-fig. 1, which is typical of the simple 
type which has been obtained in many experiments. After the latent 
period the curve rises rapidly to a sharp summit, after which it falls off, 
at first rapidly and then more and more slowly. This decline has in some 
experiments been followed over several seconds. The height of any part 
of the inhibitory curve constructed in this way is obviously related to 
the intensity of the inhibition at that point, and so the curve gives some 
idea of the time course of the inhibition. Similar curves have been 
obtained by Gilson [1932] for the negative inotropic effect of a single 
vagal volley on the tortoise auricle. 


0-3¢ 


. 
8. 


0°0 05 1-0 20 


Seconds 

Text-fig. 1. The inhibitory curve produced by applying a single stimulus to the left vagus. 
The lengthening of each cycle, i.e. the amount by which it exceeds a normal cycle, is — 
expressed as a fraction of a normal cycle (3050), and is plotted against the interval 
between the vagal stimulus and the end of that particular cycle. In this way a series 
of points is obtained for each observation. Some observations are reproduced in 
Pl. I, fig. 1. Text-fig. 1 comprises series of points from thirteen observations, nine 
series being marked in a characteristic way. With all points to the left of the per- 
pendicular broken line the previous cycle was not inhibited, with points to the right 
it was. 3 


_ With a submaximal vagal volley the inhibitory curve is lower, 1.¢. 
the intensity of the inhibition is less, and at least several grades of this 
submaximal effect may be obtained by varying the size of the sub- 
maximal volley. Since this happens even when the action potential 
indicates that there has been no displacement of the pacemaker, several 
preganglionic fibres must be in physiological connection with the post- 
ganglionic fibres distributed to the pacemaker. This indicates that the 
pacemaker probably has a significant extensity, a conclusion previously 
reached in discussing the disturbance of rhythm produced by early 
premature beats [Eccles and Hoff, 1934c]. 
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(2) Latent period. 

Consideration of Pl. I, fig. 1, and Text-fig. 1 shows that when the 
stimulus falls late in any given cardiac cycle, that cycle is not lengthened : 
whereas a stimulus falling early in a cycle produces a lengthening of the 
cycle in which it falls. Text-fig. 2 shows clearly that there is no lengthening 
of those cycles which end at intervals shorter than 160o after the vagal 
stimulus (cf. observations 1, 2 and 3, Pl. I, fig. 1). It will be seen that — 


3 


200 300 | 
Text-fig. 2. A series of observations plotted as in Text-fig. 1, but with a more extended 


time scale, the rising part of the inhibitory curve being shown. Length of normal 
cycle = 3050. 


0 100 200 

Text-fig. 3. As in Text-fig. 2 in another experiment (right vagus stimulated), the crosses 
representing points obtained with normal rhythm (cycle =350¢) and the circles points 
obtained during tetanic stimulation of accelerantes (cycle =275c). The latent period 

_ is shortened from about 156 to 136c. 


an accurate evaluation of this latent period is difficult on account of the 
gradual onset of the inhibition, but in fourteen experiments the latent 
period has been determined with an error of not more than 10c. In 
twelve its duration has been between 100c¢ and 160c (see Text-figs. 3,19 _ 
and 20), but in the remaining two experiments it had a duration of _ 
about 200¢, the cardiac cycle itself being exceptionally long—500c or 

more (Text-fig. 18). In the twelve other experiments there was no corre- 
lation between the latent period and the duration of the cardiac cycle. 
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The values given by Donders [1868] for the latent period were rather 
longer, but he used the mechanical response of the ventricle to signal 
the instant of the heart beat. 
Sinee the vagus was stimulated in the neck, part at least of th 

latent period of its effect must be due to conduction time from the point 
of stimulation to the endings in the pacemaker. The rate of conduction 
in the preganglionic pathway has been measured directly by stimulating 
the cardiac branches of the vagus in the thorax and recording the action 
_ potential from the vagus in the neck. By using stimuli just above and 
below the threshold for the inhibition of the heart rate, the corresponding 
wave in the complex nerve action potential may be identified, and so its 
conduction rate may be directly measured. The average rate of con- 
duction found in this way is 30 metres a second, and since the total 
length of the preganglionic pathway is about 11 cm., only about 40 
would be occupied in the preganglionic conduction time. Heinbecker 
[1931] states that the negative chronotropic fibres of the turtle vagus 


ee belong to the C group and on analogy it has been suggested that the 


negative chronotropic fibres in the cat belong to the C group also 
[Heinbecker and O’Leary, 1933], but determinations of conduction 
velocity, threshold and refractory period [Brown and Eccles, 1934] 


show that in the cat these fibres form a fast component of their B, group. 


The short synaptic delays in the superior cervical ganglion, about 2-60 
[Brown, 1934; Eccles, 1934], and in the spinal cord for the simple 
flexor reflex, 3-40 [Eccles and Sherrington, 1931] make it unlikely 
that more than a small part of the latent period could be accounted for 
as a synaptic delay between the pre- and postganglionic fibres. (Law- 
rentjew [1929] confirms the existence of this synapse in the vagal 
pathway.) Moreover, the postganglionic fibres are probably so short 
(Woollard [1926] and Anufriew [1928] describe ganglia just over the 
sino-auricular node) that the conduction time in them could only be a 
few o at the slow conduction rate of the C group fibres. Hence only 
a fraction of the latent period is occupied by the time of travel of 
impulses from the point of stimulation to the fibre terminals in the 
pacemaker. 

This conclusion is supported by those experiments in which direct 
electrical stimulation of the pacemaker was complicated by inhibition 
presumably arising from stimulation of the terminal vagal fibres, of the 
ganglia, or of the postganglionic fibres [Eccles and Hoff, 19340]. The 
latent period of this inhibition was only about 200 shorter than the 
latent period following stimulation of the vagus in the neck. This value 
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of 20¢ is in agreement with the duration which has just been calculated 
for the total nerve conduction time. 

That part of the latent period not explicable as nerve conduction 
time is most probably occupied in the liberation of the a.c. substance, 
in its diffusion to the pacemaker, and in its action on the rhythmic 
mechanism. There is no concensus of opinion with regard to the relation 
of the nerve fibres to the muscle fibres of the sino-auricular node 
(Meiklejohn, 1913; Fukutake, 1925; Woollard, 1926; Lawrentjew, 
1929], though Boeke [1932] strongly advocates the existence of intra- 
muscular nerve endings. The paucity of well-defined nerve endings in 
heart muscle makes it seem likely that a.c. substance is liberated from 
the whole length of.the ramifying nerve fibres by an impulse passing 

along them. In this connection it is of interest to note that Witanowski 
[1925] and Chang and Gaddum [1933] found that both sympathetic 
nerves and sympathetic ganglia were very rich in an A.C. substance, and 
recently Feldberg and Gaddum [1934] have shown that during stimu- 
lation of the cervical sympathetic an A.c. substance is liberated into 
fluid perfused through the superior cervical ganglion. 

There is no appreciable difference between the latent periods of the 
inhibitory effects produced by maximal or submaximal vagal volleys. 
The latter have been set up by submaximal stimulation of the whole 
nerve or by maximal stimulation of the nerve above a region where it 
is partly transected. Moreover, there is no appreciable difference be- 
tween the latent periods for the right and left vagi. 

Shortening the cardiac cycle by a background tetanic stimulation of 
the nervi accelerantes was accompanied by a relatively smaller shortening 
of the latent period in three of the four experiments (Text-fig. 3). Con- 
_ versely lengthening of the cardiac cycle by a background tetanic stimu- 
lation of the other vagus was associated with a relatively smaller length- 
ening of the latent period in two of the three experiments. In the two 
exceptional experiments the latent period was unaltered. 


(3) The rising phase of the inhibitory curve. 


At the beginning of the inhibitory curve the rise is slow, but it 
is always followed by a steeper ascent. With intense inhibitions this 
ascent may be very steep and the first inhibited cycle may be more than 
twice the duration of a normal cycle. PI. I, fig. 2, shows a series of such 
strong inhibitions, and in Text-fig. 4 is a diagrammatic representation 
of the conditions. 2, R,R,R, is the normal rhythm, and V, is a vagal 


4 
J 
- 
4 
Sy 
3 
<a 
ta 
4 
4 
on 
WA 
é 


SINGLE VAGAL VOLLEY ON HEART. 217 


stimulus which just fails to lengthen the cycle R, R, (cf. observation I, 
Pl. I, fig. 2). VR, is therefore the latent period. 

V, represents the position of an earlier vagal stimulus which would 
delay the next beat from 2, to R, (cf. observations 2 and 3 of PI. I, fig. 2). 
Assuming that there is no uninhibitible period at the end of a cycle, 
V,R, is the time taken by the vagal stimulus to produce an inhibitory 
effect on the actual rhythmic mechanism. When the vagal stimulus is 
at V,, the point X therefore represents the beginning of the inhibition 
of the rhythmic mechanism, V,X equalling V,R,. The beat is delayed by 
this inhibition, but eventually the rhythmic mechanism prevails and 
the next beat is set up at R;. A gradual shifting of the vagal stimulus 
from V, to V, would reveal a progressive increase in the inhibitory effect, 
#.e. in the inhibitory lengthening of the cycle. This could depend on 
two factors: 


Text-fig. 4. Diagram to illustrate the varying effect of the vagal stimulus according to 
its position in the cardiac cycle. Full description in text. 


(a) A progressive increase in the concentration of a.c. substance 
acting on the rhythmic mechanism. This would be likely to be dependent 
both on differences between the latent periods of the several vagal fibres 
acting on the pacemaker due for example to differences in the diffusion 
time of 4.c, substance, and on the initial gradual increase in the effective 
A.C. substance produced by an impulse in any one of these fibres. 

(6) The longer the beat is delayed, the longer the rhythmic me- 
chanism would be subjected to the action of the a.c. substance produced 
by each impulse. It will be seen later that this factor has little if any 

significance. 
. If the vagal stimulus were at V, instead of V, (Text-fig. 4), the next 
beat might occur at R, instead of R, (observation 4, Pl. I, fig, 2). This 
sudden increase in the inhibitory effect would be due to a further de- 
velopment of the conditions obtaining when the vagal stimulus was at V4. 
With the stimulus at V, the earlier development of the inhibition (relative 
to the cycle) would serve to postpone the next beat still more (relative 
to the vagal stimulus), thus allowing the full development of the inhibitory 
effect to be exerted on the first cycle. Very small alterations in the 
position of the vagal stimulus in a cycle may therefore be accompanied 
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condition may be observed in the steep rising phase of Text-fig. 5. The 
limiting angle of steepness is indicated as a broken line. It represents 
the line of the interruption in the curve that would be obtained if during 
any period the inhibition was so intense that it absolutely prevented the 
setting up of beats. Such a condition is equivalent to a “breaking” of 
the inhibitory wave. This condition has only been observed once in our 
experiments, but it will be seen that in Text-fig. 5 the steepest part of 


the curve approaches.to this limiting slope. 
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Text-fig. 5. A series of observations plotted as in Text-fig. 1 and from the same experi- 
ment, the stimulus being applied to the right vagus. The oblique broken line shows 


: the limiting angle of steepness of the rising phase of the curve. 


A very steep ascent is present in all experiments in which the vagal 
inhibition is large. The smaller the vagal inhibition the less steep is the 
ascent of the curve, e.g. the curve for the left vagus (Text-fig. 1) is less  §} 
steep than the curve of Text-fig. 5 simultaneously obtained for the right 


vagus (see also Text-fig. 20, and Text-fig. 2 of the next paper). When 
the inhibitory effect of a vagal volley is diminished by partly cutting 
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through the vagus or by using submaximal stimuli, the ascent of the 


curve also becomes less steep (see Text-fig. 19). The maximal lengthening 
of cardiac cycle produced by a single vagal volley varies greatly from 
experiment to experiment. The extreme values for the right vagus have 
been 130 and 6 p.c., and for the left vagus 68 and 3 p.c. 


(4) Summit and descending curve. 

As a rule the summit of the inhibitory curve is fairly sharp, and 
usually it is reached by cycles in which the vagal stimulus fell early. 
When the inhibition is very large, the first inhibited cycles may also 
form a considerable part of the descending curve. In such cases the 
inhibition is less when the vagal stimulus is early in a cycle than when 
it is a little later. Thus in Text-fig. 6 R,R,R, represents the normal 


Text-fig. 6. Diagram of the same type as Text-fig. 4. Full description in text. 
rhythmic beat, and V, is a vagal stimulus at the optimal point causing 
a lengthening of the next cycle to R,; however, an earlier vagal stimulus 
V, only lengthened the cycle to R;. Such a condition is illustrated by 
the series of observations in Pl. I, fig. 3, which are arranged from above 


downwards so that the vagal stimulus is progressively earlier in the 
cycle, the beats before the vagal stimulus being synchronized. The 


_ significance of this condition will be discussed later. In two experiments 


the decline was so rapid that over a certain range V,R, was equal to 
V,R, (Text-fig. 6), 1.e. the next beat occurred at a constant interval 


after the vagal stimulus. For such a range in the position of the vagal 


stimulus the condition of the rhythmic mechanism at the onset of the 
inhibitory effect had no determining influence on the time of the next 
beat ! 

(a) The single-wave type of inhibitory curve. In some experiments the 
decline in intensity of the inhibitory effect goes on steadily, but at a 
gradually decreasing rate throughout the succeeding cycles, e.g. Text- 
figs. 1, 5, 10 and 13, the inhibitory effect being a simple wave with a 
steeper ascent than descent. The descending part of the curve may be 
approximately exponential in type, the amount of the lengthening being 
halved in times which in different experiments may be as long as 0:8 sec. 
or as short as 0-4 sec. It will be seen later that within limits the length- 
ening of the cycle is approximately proportional to the concentration of 
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4.6. substance [cf. Brown and Eccles, 1934], and so it appears that 
the concentration of a.c. substance declines along an exponential curve, 
being halved in every 0-8-0-4 sec. When acetylcholine was being de- 
stroyed by the blood esterase in im vitro experiments Galehr and 
Plattner [1928] and Matthes [1930] found that the concentration of 
acetylcholine also declined along an exponential curve, but for the 
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Text-fig. 7. A series of observations as in Text-fig. 1, but in another experiment, 
the right vagus being stimulated. Normal cycle =520c¢. 


0° 


3 4 5 6 8 
Seconds 

Text-fig. 8. A series as in Text-fig. 7 and later in the same experiment (cycle 500c). The 
second inhibitory wave is followed for a much longer time. The broken line illustrates 
a transient intercurrent acceleration. | 


esterase of cat’s blood the concentration of acetylcholine was halved 
every 50 sec., t.e. about one hundred times slower than the above rate. 
This difference is of course due to the much larger concentrations of 
acetylcholine used by Galehr and Plattner. If concentrations of 
acetylcholine equivalent to those of the a.c. substance liberated in the 
heart had been used as the substrate, the rate of decline in concentration 


would probably have been comparable with that indicated by the vagal 
. inhibitory curves. 
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(6) The double-wave type of inhibitory curve. Text-fig. 7 is typical of 
many experiments in which an abrupt descent from the primary wave 
is followed by a second slow rise and fall in the inhibitory effect. The 
secondary inhibitory wave in this experiment is followed for a longer 
time in Text-fig. 8 which is constructed from a series of observations 
taken a few minutes later than those of Text-fig. 7. This type of curve 
has been particularly common in hearts in which both the nervi accele- 
rantes and vagi had been cut, being found in fifteen out of nineteen 
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Text-fig. 9. As in Text-fig. 7 in another experiment, a being for the left vagus, and 6 for 
the right vagus. Normal cycle=460c. The observations were not continued suffi- 
ciently long for the summit of the second inhibitory wave to be reached. 


such experiments, The descent from the primary wave is steeper than 


_ with those inhibitory curves which have no secondary inhibitory wave, 


the lengthening being halved in as short a time as 0-1 sec. (Text-figs. 
7 and 9). The secondary inhibitory wave is first perceptible 0-6-1-5 sec. 
after the vagal stimulus and attains its maximum 2-25 sec. after the 
stimulus. At the summit of the primary wave there may be even more 
than a doubling of the duration of the cardiac cycle, but with the 
secondary wave the maximal lengthening is never more than 12 p.c. In 
some experiments the secondary wave is feebly developed and appears 
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only as a hump on the descending part of the primary wave (Text-fig. 2 
next paper), while in other experiments the secondary inhibitory wave 
reaches a higher summit than the primary, e.g. Text-fig. 9a. 


(5) Comparison of the inhibitory curves of the right and left vagi. 


In fifteen experiments the inhibitory curve has been determined for 
both the right and left vagi, and in each case the curves have been closely 
alike. In twelve experiments both curves were of the double-wave type 
(Text-fig. 9, and Text-fig. 2 of next paper), and in the remaining three 
experiments both were single waves only (Text-figs. ! and 5). The inhi- 
bition of the right vagus always has been greater than the left, the 
inhibitory curve of the left vagus being indistinguishable 
from that given by a submaximal volley in the right vagus. 
For example, in experiments with inhibitory curves of the double-wave 
type the primary wave of the right vagus curve is, in comparison with 
the left, relatively higher than the secondary wave and the trough is 
less well marked and later (cf. Text-figs. 9 a and 6); but such differences 
also appear when the curve of a maximal vagal volley is compared with 
that of a submaximal, and so are to be attributed to differences in the 
intensity of the inhibition rather than to differences in the type of 
inhibitory action. 


(6) Effect of a tetanic background stimulation of the 
aecelerantes or other vagus. 


The effect with accelerantes has been investigated in five experiments. 
In two the inhibitory curve was of the single-wave type, and it was 
unaltered by the accelerantes stimulation, e.g. Text-fig. 10a was obtained 
before and Text-fig. 10b during an accelerantes tetanus. In the other 
three experiments the inhibitory curve was of the double-wave type and 
in all the accelerantes tetanus altered it towards the single-wave type, 
_ the slow secondary wave being less prominent, and even completely 
disappearing with a marked acceleration, Thus, during tetanic stimula- 
tion of the right nervi accelerantes, the double inhibitory curve of Text- 
fig. 7 is transformed to the simple curve shown in Text-fig. 11, the 
_ original double curve being shown by the broken line. When owing to 
fatigue the acceleration is less marked, the secondary wave does not 
completely disappear. It remains as a hump on the descending part of 
the primary wave (Text-fig. 12). A slight hump is also present on the 
descending part of Text-fig. 11. 
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0-4 
Q- 
0-1 J 
0-5 1-0 1-5 
Seconds 
Fig. 10a. 
0° 
0 0-5 1-0 1-5 
Seconds 
Fig. 10d. 


Text-fig. 10. Two inhibitory curves similar to Text-fig. 1, but in another experiment, the 
_ right vagus being stimulated. a was obtained with the normal rhythm (cycle =3800), 
and 6 during tetanic stimulation of the right nervi accelerantes (cycle=275c). The 
rising phases of the curves are approximate only, but their general shapes were 
indicated by other series of observations from the same experiment. 


10 25 3-0 
Seconds 


Text-fig. 11. A series of observations taken concurrently with those of Text-fig. 7 (same 
experiment), but with, in addition, tetanic stimulation of the right nervi accelerantes, 
which shortened the cycle from 520 to 380v. The broken line shows the curve of 
Text-fig. 7. 
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The normal tonic action of accelerantes is similar in effect to tetanic 
stimulation. If the tonic action is considerable, the inhibitory curve has 
a single wave or at most a slight second hump. Removal of accelerantes 
tone by cutting both nervi accelerantes causes the slow secondary wave 
to appear. The secondary inhibitory wave is therefore closely related to 
the absence of an accelerantes action on the heart, but it may not be 
present even when both nervi accelerantes and both vagi are cut (see 
Text-fig. 10a). Tetanic stimulation of one vagus nerve has also been 
observed to remove the secondary inhibitory wave — by the 


other vagus. 


! 


7-0 


Text-fig. 12. A series of observations later in the same experiment (concurrently with 
Text-fig. 8). Tetanic stimulation of the right nervi accelerantes now only shortened 
the cycle from 500 to 420c. The second inhibitory wave is still present. 


Acceleration or slowing of the rhythm is often accompanied by shift 
of the pacemaker to another rhythmic centre, and it might be thought 
that this would account for the change in the shape of the inhibitory 
curve, but with such an explanation it would be unlikely that the 
double-wave type should always change towards the single-wave type, 
and that the single-wave type should remain unaltered. Moreover, in 
some experiments the absence of an appreciable change of action po- ~ 
tential during acceleration has indicated that the change in the curve 
was not due to a displacement of the pacemaker. 


(7) The action of eserine and atropine. 


_(a) Eserine has been given intravenously in doses as small as 25y. 
‘When the inhibitory curve belongs to the single-wave type, the summit 


_. of the curve is made higher by eserine and its descent is slowed as shown 


in Text-fig. 13. This effect is due to the eserine inhibiting to some extent 
the esterase which destroys the a.c. substance [Loewi and Navratil, 
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| 1926; Engelhart and Loewi, 1930; Matthes, 1930]; hence it may be 
, concluded that the decline of the inhibitory curve is due to the 
. esterase destroying the a.c. substance. Since the latter part of 
) the rising phase of the inhibitory curve is made steeper by the action 
, of eserine (Text-figs. 14 and 15), this enzymatic destruction of the a.o. 
) substance must be proceeding even during the short time that the con- 
. centration of 4.c. substance is increasing. It has been suggested that, 
| in addition to inhibiting the esterase, eserine might also increase the 
. production of 4.c. substance, but there are no experimental observations _ 
which cannot be explained by its known inhibitory action on the esterase, _ _ 


od 
0-6F 


0-44 


Seconds 


\ 


| 1-0 20 


If the a.o. sihubinen only suffered enzymatic destruction after it had 4 
diffused into the blood, changes in the rate of this enzymatic destruction - 
would have very little effect on the curves expressing the time course 
of the concentration of a.c. substance acting on the pacemaker, for the 
flow of blood would in any case rapidly remove such a.c. containing 
blood from the region of the sino-auricular node, But, since partial 
paralysis of the esterase by eserine causes a corresponding slowing in the 
removal of a.c. substance, it may be concluded that most of the esterase 
destroying the a.c. substance is not in the blood but in the tissues. 

Moreover, the rapidity of the destruction of the a.c. substance acting on 
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the pacemaker indicates that the esterase must be in very close proximity 
to it. | 

When the inhibitory curve is of the double-wave type, eserine in- 
creases the height of both waves and slows their decline, but the secondary 
wave is affected to a less extent than the primary. This is observable in 
Text-fig. 14 after a dose of only 25y. With larger doses of eserine the 
primary wave may be so prolonged that it overlaps the secondary wave 


0-1 


Text-fig. 14. The curve drawn through the dots is the normal inhibitory curve produced 
by a single volley in the left vagus, and the curve through the small circles is the 
inhibitory curve obtained 3-10 min. after injection of 25y eserine. Weight of cat, 
2-17 kg. 


0-2 


0-1 
2-0 30 


Seconds 


Text-fig. 15. As in Text-fig. 14, but im another experiment. The upper curve was obtained 
24-7} min. after injection of 50y eserine. Weight of cat, 2-75 kg. 


as is seen to occur in Text-fig. 15 after an injection of 50y eserine. The 
relatively smaller effect of eserine on the secondary wave is to be ex- 


pected, because, when the height of the primary wave is changed in 


other ways, the secondary wave suffers a relatively smaller change, e.g. 
it is decreased to a relatively less extent when submaximal stimuli are 
applied to the vagus, or when the left vagus is stimulated instead of the 
right, and it is increased to a relatively smaller extent when there is 
summation of the inhibitory effects of two vagal volleys [Brown and 
Eccles, 1934]. Eserine therefore seems to have an identical effect on 
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both waves; hence it may be concluded that both inhibitory waves 
are due to the action of the same a.c. substance and that the 
decline of both curves is due, at least in part, to the esterase 
destroying this a.c. substance. 

The maximum effect of eserine is attained in 3 min. after its injection 
into the saphenous vein. This action is much more rapid than that 
occurring im vitro, for under such conditions eserine was observed by 
Matthes [1930] to take longer than 15 min. to exert its maximum 
inhibitory effect on the esterase. The-effect of small doses of eserine had 
completely passed off in 2-3 hours after injection. 


0°015 
0-100 


2-0 0 


Text-fig. 16, 
produced by a single volley in the left vagus, the lower curve through the dots being 
obtained after injection of 5y atropine. Weight of cat, 2-35 kg. 


0-2¢r 


Text-fig. 17, As in Text-fig. 16 in another experiment, but right vagus stimulated. The 
curve through the dots was obtained after injection of 25y atropine. Weight of cat, 
2-75 kg. 


A dose of 25y eserine given to a 2-5kg. cat approximately halved 
the rate of decline of the first wave (Text-figs. 13 and 14). This corre- 
sponds to a dilution of 1 in 10° for the whole cat. Matthes [1930] 
observed that the action of the esterase in vitro was usually halved by 
a dilution of eserine in the proportion of 1 in 3x10’, a value in agree- 
ment with our results if allowance be made for the fact that very little 
eserine would be distributed to such parts of the cat as the bones, and 
so the concentration in the pacemaker would be considerably — 
than 1 in 10°. 
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(6) Very small injections of atropine diminish both waves, but the 
primary relatively more than the secondary, i.e. the inhibitory curve 
_ resembles a normal submaximal curve. Text-fig. 16 shows the effect of 
5y atropine. The results with atropine therefore also indicate that the 


same A.C. substance is responsible for both inhibitory waves. When larger 


doses of atropine are given in experiments having an apparent single- 
wave type of inhibitory-curve, a small secondary wave may be unmasked 
as shown in Text-fig. 17. Such small secondary waves may also be sub- 
merged in other examples of apparently simple waves, e.g. in Text-fig. 1 
the flattening towards the end may be due to the small secondary wave 
Brown and Eccles, 1934]. 


III. Discussion. 
A, The double-wave type of inhibitory curve. 


(1) A possible simple explanation of double inhibitory waves would 
seem to be afforded by assuming a transient change of the pacemaker 


to another rhythmic centre, which was only subjected to an inhibition — 


of the slow type indicated by the secondary inhibitory wave. Such an 
explanation would, however, not be consistent with the fact that in 
Text-fig. 7 there was no inhibition of the cycles preceding those which 
fell at the bottom of the depression between the two waves. If the 
second rhythmic centre became the pacemaker at that instant, 1.¢. if it 
were able to assume a dominant rhythm so little slower than the initial 
normal rhythm, then still more so should it have assumed the dominant 
rhythm in those observations in which there was more lengthening of 
the first inhibited cycle, i.e. in all those observations of the primary 
inhibitory wave. The hypothetical second rhythmic centre must, there- 
fore, also have suffered the initial inhibition of the first wave, and henee 
the explanation breaks down. 

The above argument applies still more to Text-fig. 9a, where it will 
be seen that with the left vagus there is no detectable lengthening of 
those cycles which end in the trough between the two waves. There is 
therefore no possibility of a change of pacemaker at this point. In all 
other experiments with primary and secondary inhibitory waves the 
above argument also excludes the likelihood that the secondary inhi- 
bitory wave could be due to a change of pacemaker, though its applica- 
tion is less obvious than it is in Text-fig. 94. Moreover, in most experi- 
Tents the action potential of the beats showed no appreciable change, 
1.¢. there was probably no shift of pacemaker, so it would seem that the 
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two inhibitory waves occur in the one rhythmic mechanism. Thus in 


Pl. I, fig. 4, no change in the shape of the initial part of the action 
potential i is detectable in any of the observations. These ita part of 
the series from which Text-fig. 9 was constructed. 

(2) Another plausible explanation is that the double inhibitory waves 
are produced by a transient acceleration introduced within a single 
inhibitory effect. For example, in Text-fig. 8 the true inhibitory curve 
might follow the broken line. Now a background tetanic stimulation of 
accelerantes changes the double-wave to the single-wave type, and this 
would seem to conform with this explanation of the double-wave type 
of inhibitory curve, for such an interpolated acceleration might be 
occluded by the background acceleration. There are two possible sources 
of such an interpolated acceleration. | 


(a) In order to interfere as little as possible with the blood supply to the vagus, it 
was usually dissected out for stimulation without being separated from the cervical 
sympathetic. It was possible, therefore, that any cardiac accelerator fibres in the cervical 
sympathetic would be stimulated at the same time as the vagal inhibitory fibres. However, 
the double inhibitory wave was still present in experiments in which the cervical sympa- 
thetic was excluded. 

(6) Many investigators have demonstrated a cardio-accelerator action of the mam- 
malian vagus. The observations of the earlier workers, ¢.g. Rutherford, Boehm, Schiff 
and Arloing appear to be due to stimulation of sympathetic fibres which arise from the 
middle and inferior cervical ganglia and join the vagus low down in the neck [cf. Dale, 
Laidlaw and Symons, 1910; Hering, 1924]. Anatomically there is no evidence that 
sympathetic fibres to the heart arise from the superior cervical ganglion [Perman, 1924], 
and physiological evidence is also against the existence of such fibres [Dale, Laidlaw 
and Symons, 1910; Hering, 1924]. Recently Morgan and Goland [1932] have found 
that cardiac acceleration is sometimes produced by prolonged tetanic stimulation of 
the vago-sympathetic trunk of the dog after the vagus has been cut proximal to the 
nodose ganglion and allowed to degenerate. It is probable that this acceleration is pro- 
duced reflexly by afferent fibres in the sympathetic trunk. 

With the exception of the cardiac acceleration described by Dale, Laidlaw and 
Symons [1910] and by Dale [1921] prolonged tetanic stimulation of the vagus has pro- 
duced only a relatively small acceleration after a latent period of several seconds. It is 
clear that the accelerating effect of a single volley would be so slight and so long delayed 
that it could not produce the trough between the two inhibitory waves. The cardiac 
acceleration described by Dale and his co-workers, however, requires more careful con- 
sideration, for it had a short latent period and quickly reached its maximum intensity. 
The effect is developed during a series of tetanic stimulations of the vagus after its normal 
inhibitory action has been abolished by certain drugs, ¢.g. nicotine, tropine or quinidine. 
The action of the true sympathetic fibres has been excluded, so there are two possible 
explanations. One is that the vagus contains fibres which produce acceleration of the 
heart beat, and this effect is unmasked by drugs which paralyse its normally preponderant 
inhibitory action. The other is that, on account of the effect of the drugs, a series of 
tetanic stimulations of the vagus produces a curious state in the postganglionic neurones 


as a result of which they fire off repetitively when no impulses are reaching them from 
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the preganglionic terminals, the presence of such impulses immediately inhibiting their 
discharge. 


Dale and his co-workers incline to the former more direct explanation, but as Hering 
[1924] points out their evidence is strongly in favour of the latter explanation. Thus the 
acceleration was usually absent or at: most very slight until a marked and prolonged 
cardiac slowing developed after each tetanic stimulation, and acceleration during the 
stimulation usually just sufficed to restore the rhythm to the rate obtaining before the 
appearance of this slowing. Again the response of the heart to acetylcholine and other 
agents acting directly was observed to be normal, and the slowing between the periods of 
stimulation was quickly abolished by atropine, so it was almost certainly due to a prolonged 
discharge from the postganglionic neurones. Finally, it was impossible to obtain the 
acceleration apart from the inhibitory periods between the successive stimulations. 


It therefore seems very unlikely that these experiments do demon- 
strate an accelerator action of the vagus sufficient to give rise to the 
trough between the primary and secondary inhibitory waves set up by 
a single vagal volley. The improbability of such an explanation of double 
inhibitory waves is more apparent when it is realized that a single volley 
would have to produce an acceleration of at least 10 p.c. in Text-fig. 8, 
and 15 p.c. in Text-fig. 7, the latent period of the effect being about 
0-4 sec. and the maximum being reached in 0-8 sec. after the setting up 
of the vagal volley. 

(3) Another explanation of the double inhibitory wave is that the 
secondary wave might be due to after discharge from the postganglionic 
neurones. But the secondary wave could only be produced in this way 
if the after discharge commenced about 3000 after the first discharge 
and continued for a second or more. Bishop and Heinbecker [1932], 
Brown [1934] and Eccles [1934] find no after discharge from the 
superior cervical ganglion. Even in the simple reflex pathways after 
discharge is a much simpler phenomenon, commencing immediately after 
the first discharge and continuing for a much shorter time. Finally, if 
the secondary wave were due to after discharge, it should not be reduced 
or abolished by a background tetanic stimulation of accelerantes. 

It would seem therefore that the shape of the inhibitory 
curve isinherentintherhythmic centre andis not conditioned 
by combinations of inhibiting and accelerating impulses, ¢.c. 
a single volley of inhibitory impulses in the postganglionic 
fibres of the vagus gives rise to the double inhibitory effect. 
The remaining two explanations conform with this conclusion. 

(4) It has been seen that both waves of the double inhibitory curve 
are due to the action of 4.c. substance on the pacemaker, so it seems 
possible that a single volley of impulses in the postganglionic fibres of 
the vagus might produce in the pacemaker a sudden accumulation of 
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a.c. substance which is rapidly destroyed by the esterase, and is followed 
by a slower aceumulation which is more slowly destroyed. This second _ 
accumulation of A.c. substance could perhaps be due to diffusion from 
surrounding tissues. Thus, for example, the muscle fibres of the sino- 
auricular node interlace through abundant elastic tissue. a.c. substance 
liberated from the nerve fibres passing through this elastic tissue would 
perhaps not be subjected to such strong esterase actiofi as that liberated 
near the muscle fibres of the pacemaker, and so would survive long 
enough to diffuse into the pacemaker and produce the secondary wave. 
However, it does not seem that this plausible explanation can be re- 
conciled either with the diminution or removal of the secondary wave by 
tetanic stimulation of accelerantes or with the observation that changes 
in the height of the primary wave are accompanied by a relatively 
smaller change in the height of the secondary wave. 

(5) The following two observations suggest an alternative explana- 
tion. When there is a well-developed trough between the two inhibitory 
waves, it has already been noticed that the decline of the primary wave 
is always much more rapid than in the single-wave type, the lengthening 
being halved in as short a time as 0-1 sec. In one experiment the trough 
actually descended just below the base line, i.e. there was actually a 
period during which there was a slight shortening of the cardiac cycle. 
This does not necessarily mean that there was a stimulation of accele- 
rantes fibres, for the very early subsequent beats observed by Eccles 


and Hoff[1934c] provide a comparable phenomenon. In ordertoexplain _ 


their production it was suggested that a rhythmic centre contained 
“inhibitory components,” and that these might be dissociated from the 
remainder of the centre consequently freeing it from their inhibitory 
action. If this dissociation were temporarily to occur during the inhibi- 
tion from a single vagal volley, the trough between the two inhibitory 
waves would be formed and this trough could descend below the base 
line. In addition the absiormally steep descent of the primary wave 
would be explained. 


B. The single-wave type of inhibitory curve. 

By its negative chronotropic action the a.c. substance liberated by 
the vagus in some way delays the setting up of the next beat. It must 
do this by acting on some continuous process of excitement (cf. 
Eccles and Hoff, 19346} underlying the production of the beat, for 
gradations in the extent of the vagal slowing may be produced by altering 
the size of the vagal volley. Such gradations are easily observed during 
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tetanic stimulation of the vagus even when the action potentials show 
that there has been no appreciable shift of the pacemaker. Gradations 
of this type indicate that, if a beat is delayed (inhibited), the 
continuous process of excitement which the a.c. substance 
inhibits goes on increasing after the normal time of this beat, 
otherwise a beat once delayed by a continued inhibition would be de- 
layed indefinitely, i.e. there would be no such thing as a steady graded 
slowing of a rhythm. Inhibition would be all or nothing. But, if the 
excitement goes on increasing, it will eventually overcome the inhibitory 
effect of the a.c. substance, and so the beat will occur after a cycle longer 
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Text-fig. 18. An inhibitory curve as in Text-fig. 1, but in another experiment, the right 
vagus being stimulated. Normal cycle =500c. The perpendicular broken line separates 
points with a previous inhibited cycle from those in which the previous cycle was not 
inhibited. 


than normal. The lengthening of the cycle will bear some relation to 
the concentration of the 4.c. substance; hence the occurrence of grada- 
tions in the inhibitory lengthenings. 

In all inhibitory curves there is a transition between those points in 
which the previous cycle was not inhibited and those in which it was. 
Thus in Text-fig. 1 the points from each observation are marked in a 
characteristic way. The perpendicular broken line divides these points 
according as the previous cycle was or was not inhibited. It will be seen 
that there is no sign of a discontinuity of the curve in this region. Text- 
fig. 18 also gives a particularly good illustration of this absence of a 
discontinuity, for in this case even a small change would be detectable 
in the very straight curve which runs through the transitional region. 
In fact in no experiment has a discontinuity been apparent. Now the 
experiments with eserine show that the decline of the inhibitory curve 
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must be largely due to the destruction of the a.c. substance by the 
esterase, t.e. the a.c. substance present at the summit is gradually re- 
moved and so its inhibitory action gradually diminishes. If the setting 
up of a beat affected the inhibitory action of the a.c. substance, this 
change should be apparent as an alteration in the inhibition of the next 
cycle, A discontinuity would therefore be expected at the transitional 
region of the curves in Text-figs. 1 and 18. The invariable absence 
of any such discontinuity shows that the setting up of a beat 
by the rhythmic centre does not affect the inhibitory action 
of the a.c. substance existing in that centre. A comparable con- 
clusion may be drawn from the results of Gilson [1932] who observed 
that the time course of the negative inotropic effect of a single vagal 
volley was unaltered by driving the auricle electrically at rates much 
faster than normal. | 

There are two ways in which the a.c. substance could exert its 
inhibitory effect. | 


(a) It could check the building up of excitement throughout the 


cycle. 

(6) It could antagonize the action of excitement without affecting 
or being affected by its production. In the first case the inhibitory 
lengthening of a cycle would be dependent on the integration of the 
inhibitory effect of the a.c. substance throughout the whole cycle, in 
the second case it would only be related to the inhibitory effect of the 
A.C. substance present at the end of the cycle. 


On account of a supposed hyperbolic relationship between the frequency of tetanic 
stimulation and the response of various autonomic systems (including vagal inhibition 
of the heart) Rosenblueth [1932] has postulated that a mediator is liberated from 
autonomic nerve fibres and enters into reversible chemical combination with a substance 
in the effector, the response of the effector being proportional to the amount of the com- 
pound so formed [cf. Cannon, 1933]. A careful reading of Rosenblueth’s paper fails 
to convince one that his hypothesis has reliable experimental support. 


It has been seen that the optimal inhibitory effect is often exerted 
by a vagal stimulus when it is much later than the beginning of the 
cycle, the inhibition being often much less with earlier stimuli, ¢.¢. such 
observations lie on the descending part of the inhibitory curve. Still 
more so is this the case if those observations be included in which the 
vagal stimulus was applied too late in the previous cycle to produce 
any lengthening of it. During the first inhibited cycle in both these 
cases the rhythmic centre has been subjected to a time integration of 
inhibitory effect much greater than with the later stimuli, and yet there 
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was actually a smaller lengthening with the earlier stimuli, The inhi- 
bitory action of a.c. substance during the early part of the cycle does 
not seem to have any lasting effect on the rhythmic centre. a.c. sub- 
stance, therefore, does not appear to exert its effect by checking the 
building up of excitement throughout the cycle. It probably acts ac- 
cording to the second alternative mentioned above, i.e. a.c. substance 
antagonizes the action of excitement without affecting its 
production. The lengthening of the cycle would then only be 
related to the inhibitory action of the a.c. substance present 
at the actual end of the cycle. The optimum inhibition by vagal 
stimuli late in the cycle would signify that with earlier stimuli the 
inhibitory effect of the a.c. substance was already declining by the end 
of that cycle. The above conclusion provides the justification for plotting 
as abscisse the intervals between the vagal stimuli and the ends of the 
cycles when constructing inhibitory curves. 

The evaluation of the intensity of the inhibition produced 
by a given concentration of a.c. substance is only possible 
in terms of an equivalent intensity of excitement. When a 
cycle is lengthened by inhibition we have seen that the excitement goes 
on increasing after the normal end of the cycle, and this increase will 
continue until at some particular instant it surpasses its normal threshold 
intensity by an amount equivalent to the inhibitory effect of the a.c. 
substance at that instant. A beat will then be set up, for the uninhibited 
excitement has reached threshold. The time course of the increase of 
excitement after the normal time of the beat will, therefore, condition 
the relation between the inhibitory effect of the a.c. substance and the 
lengthening of the cycle. In the inhibitory curves the lengthening of 
the cycle has been plotted as ordinates and so such curves do not give 
a correct representation of the time course of the intensity of the inhibi- 
tion produced by the a.c. substance. They can only be adjusted to do 
this if the time course of the increase of excitement is known. 

An approximate solution of this problem may be attempted in the 
following way. An inhibitory curve is determined for maximal stimula- 
tion of the vagus, and then the vagus is partly cut through so that the 
inhibition is diminished to a relatively small fraction of the maximum, 
and a second inhibitory curve is determined. Text-fig. 19 shows the 
rising phases of two such inhibitory curves. Let i and I be the respective 
submaximal and maximal concentrations of a.c. substance, and let 
lL and L be the respective lengthenings of the cardiac cycle produced 
thereby. The assumption may be made that for any interval after 
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vagal stimulus 4 is directly proportional to J, i.e. that the submaximal 
concentration of a.c. substance is a fair sample of the maximal. This 
assumption is probably only justifiable for the early parts of the rising 
phases of the inhibitory curves, for, in accordance with the general 
behaviour of enzyme-substrate systems the rate of enzymatic destruction 
of 4.0. substance probably would not be increased proportionally with 
its concentration, +.e. a larger concentration would suffer a relatively 
slower decrease than a smaller. This factor is probably of significance 


even during the short rising phase of inhibitory curves, for the action of 


600 

Text-fig. 19. The rising phases of two inhibitory curves obtained by applying a single 
stimulus to the right vagus. Normal cycle =335¢. The upper curve shows the maximal 
inhibitory effect, the lower curve the submaximal, which was obtained after partly 
cutting through the vagus. 


eserine shows that enzymatic destruction of a.c. substance is occurring 
during the latter part of the rising phase of the inhibitory curve. : 
If the early rising phases of the two curves of Text-fig. 19 be con- 

sidered, i.e. to the left of the broken line, it will be seen that / is directly 
proportional to LZ. Moreover, it may be assumed that any particular 
inhibitory lengthening of a cycle is always due to the same concentration 
of 4.c. substance acting on the pacemaker at the end of its cycle?; hence 

1 The rhythmic mechanism may become “adapted” to the inhibitory effect of A.0. 
substance, and on analogy with the behaviour of receptor organs this “adaptation” would 
be expected to be more rapid the greater the concentration of a.c. substance [cf. Matthews, 
1931}. There is, however, no evidence that this “adaptation” actually occurs, so for the 
present it will be assumed that any particular concentration of 4.0. substance always has 
the same inhibitory effect, i.e. that a.c. substance and excitement are equivalent in their 
action on the rhythmic mechanism. 
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it may be concluded that, during the early part of the rising 
phase of inhibitory curves, the inhibitory lengthening of a 
cycle is directly proportional to the concentration of a.c. 
substance acting on the pacemaker at the end of that cycle, 
i.e. that L bears the same proportional ratio to J as 1 does to +. In the 
case of Text-fig. 19 L=2-91, therefore [=2-9i, i.e. the submaximal 
concentration of a.c. substance is slightly more than one-third of the 
maximal. | 

However, if the curves be considered beyond the perpendicular 
broken line, J bears a progressively smaller ratio to L. This could be 
due to the relatively slower enzymatic destruction of a.c. substance 
mentioned above, or it might indicate that, as J increased beyond a 
certain value, it produced a lengthening of progressively more than 
proportional amount. 

Similar series of curves were given by the two other experiments in 
which the number of points obtained was sufficient to determine the 
rising phase of the inhibitory curve with fair accuracy, but even in 
Text-fig. 19 the observations on this part of the curve were rather 
infrequent. 

As already stated the inhibitory curve of the left vagus has always 
been similar to that of the right, but considerably lower. In fact it 
seems identical with a submaximal inhibitory curve of the right vagus. 
The inhibitory curves of the right and left vagi should therefore provide 
data similar to that of Text-fig. 19. Text-fig. 20 shows the inhibitory 
curves of the right and left vagi obtained from concurrent series of 
observations. If the slight difference in latent period be allowed for, 
the. lengthening produced by the left vagus during the early part of the 
rising phase is a constant fraction (two-thirds) of that produced by the 
Tight vagus. As in Text-fig, 19 the smaller inhibitory lengthening bears 
a progressively smaller ratio to the larger beyond this phase of direct 
proportionality. Similar curves have been obtained in the two other 
experiments in which the inhibitory curves of the right and left vagi 
have been obtained with a sufficient accuracy. Those inhibitory curves 
having a prominent second inhibitory wave have not been used in this 
connection, because the factors responsible for this complication may 
also have interfered with the shape of the rising phase of the first in- 
hibitory wave. 

If the a.c. substance (I) inhibits the rhythmic centre by acting as a 
simple antagonist to its excitement E, then I at the end of an inhibited 
cycle is equivalent (in its action on the rhythmic centre) to the excess 
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of E which has been built up owing to the lengthening of that cyc 
During the early part of the rising phase J is proportional to L, so if. 
excess of H above the normal threshold value is also proportional to L, 
ie. the excitement increases linearly for approximately as 
long as 0:3 of a cycle after the time at which the beat normally 
would be set up, 

On account of the complicating factors already discussed the further 
course of # cannot be determined with certainty by analysis of curves 


Text-fig. 20. Two inhibitory curves constructed as in Text-fig. 19, but the upper curve is 
for the right vagus, and the lower is simultaneously obtained for the left vagus. 
Normal cycle =305c. 


such as Text-figs. 19 and 20. However, the inhibitory effects of tetanic 
vagal stimulation would also be expected to throw light on the time 
course of the increase of F beyond the normal time of the beat, for it is 
this which accounts for the gradations of slowing produced by altera- 
tions in the strength of stimulation. For example, if the vagal stimulus 
be made strong, the heart often ceases to beat. This indicates that under 
such conditions Z cannot be increased to an intensity which exceeds I 
by the threshold amount. Therefore, if the end of a cycle be delayed 
sufficiently long, # must attain a maximum value beyond which it cannot 
increase however long the cycle be continued. Moreover, tetanic stimu- 
lation of the vagus cannot as a rule be adjusted to produce a slowing of 
the sino-auricular rhythm to much less than half its normal rate [cf. 
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Gilson and Irvine-Jones, 1929]. Any stronger stimulation either 
completely stops the heart, or the rhythm arises in some region of the 
heart other than the sino-auricular node. Thus it appears that the 
increase of E does not continue for more than the length of a cycle 
beyond the normal time of the beat. This conclusion is in agreement 
with the following explanation which has already been suggested for the 
relation between the latter parts of the curves of Text-figs. 19 and 20— 
that, when J increased beyond a certain value, it produced a lengthening 
of progressively more than proportional amount—for this would indicate 
that H was increasing at a progressively slower rate. 

Thus, only when the inhibitory lengthenings are small, 
may they be assumed to be directly proportional to the con- 


chanism, i.e. under such conditions the curves expressing the 
time course ofinhibitory lengthenings, e.g. Text-figs. 1, 10 and 18, 
also express the time course of concentrations of a.c. sub- 
stance. When the inhibitory lengthenings are large, the concentrations 
of 4.0. substance would follow a lower curve. 

With maximal inhibitory curves the rate of.decline is usually rela- 
tively slower than with submaximal. A similar result is recorded by 
Gilson [1932] for the negative inotropic effect on the tortoise auricle. 
Such observations appear to indicate that the rate of enzymatic destruc- 
tion of A.c. substance is relatively slower the greater its concentration, 
and this should also modify the shape of the latter parts of the rising 
phases of the curves such as those of Text-figs. 19 and 20. Thus it seems 
that both of the suggested explanations are of significance in determining 
the relation between the maximal and submaximal curves. 


IV. Summary. 


Single vagal volleys have been set up by applying single induction 
shocks to the peripheral ends of the transected vagi. The heart beat is 
recorded electrically from the pacemaker, and it is found that a single 
volley in either vagus always produces a slowing of the heart rate which 
persists for many cycles, though the maximum effect is usually on the 
first inhibited cycle. 

If the vagal volley is set up late in a cardiac cycle, that cardiac cycle 
is not inhibited, the latent period of the inhibition being usually 100-160c. 
Of this amount the conduction time to the region of the pacemaker 
probably only accounts for about 10c, i.¢. the greater part of the latent 


centrations of a.c. substance acting on the rhythmic me- 
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period appears to occur after the arrival of the inhibitory impulses at 
the nerve fibres of the pacemaker. It is probable that most of this time 
is occupied in the liberation of the a.c. substance and in its diffusion to 
the point of its action. 
| In order to show the time course of the inhibitory effect of a single 
_ vagal volley, curves have been constructed, the abscisse representing 
the intervals between the vagal stimulus and the ends of the cycles, and 
the ordinates the lengthenings of the corresponding cycles. Such inhi- 
bitory curves have always a steep ascent to a summit, after which there 
may be either a descent at a progressively slower rate, or after a trough 
there may be a slow secondary inhibitory wave. A background tetanic 
stimulation of accelerantes always converts this double-wave type of 
curve towards the single-wave type. The double inhibitory wave does 
not seem to be due either to temporary displacement of the pacemaker 
or to an intercurrent acceleration produced by accelerantes fibres which 
might be present in the vagus. After discharge from the cardiac ganglia 
is also excluded. The shape of the inhibitory curve seems to be inherent 
in the rhythmic mechanism itself, for the right and left vagi always give 
similar curves, and the submaximal is similar to the maximal. It is 
suggested that a temporary dissociation of the diverse parts of the 
thythmic mechanism may be the cause of the double inhibitory wave. 

A small intravenous injection of eserine increases the height of the 
primary wave and slows the rate of its decline. It also has a similar 
effect on the secondary wave. This action of eserine is explained by its 
known inhibitory action on the esterase hydrolysing a.c. substance, so 
it is concluded that the decline of the inhibitory wave is due to the 
enzymatic hydrolysis of a.c. substance, and that both inhibitory waves 
are due to the action of a.c. substance. This latter conclusion is supported 
by the finding that atropine also affects both inhibitory waves similarly. 

Analysis of inhibitory curves shows that the. 4.c. substance anta- 
gonizes the action of the excitement on the rhythmic mechanism—there 
is no irreversible inactivation of the excitement. It is also shown that 
the setting up of a beat by a rhythmic centre does not affect the inhibition 
existing in that centre. 

By comparing the rising parts of the maximal and submaximal inhi- 
bitory curves it has been possible to show that the concentrations of 
A.C. substance are directly proportional to the inhibitory lengthenings 
which they produce provided that such lengthenings are small. Larger 
concentrations of A.c. substance seem to produce a more than propor- 


tional inhibitory lengthening. 
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SINGLE VAGAL VOLLEY ON HEART. 


EXPLANATION OF PLATE |. 


Fig. 1. A series of observations of action potentials recorded with one lead on the pace- 
maker and the other on the auricle. A single induction shock is applied to the left 
vagus at the instant signalled by the small stimulus artefact (occurring in each 
observation at the time indicated by the arrow), and there is a subsequent slowing 
of the rhythm without any change in the action potentials of the beats. Observations 
are arranged from above downwards so that the vagal stimulus is progressively earlier 
in the cycle. Tuning fork, 1 d.v.=100c. 


Fig. 2. A series of observations as in Fig. 1, the single shocks being applied to the right 
vagus at the time indicated by the arrow. Tuning fork, 1 d.v.=10c. 


Fig. 3. A series of observations as in Fig. 1, the single shocks being applied to the right 
vagus. The observations are arranged so that the beats before the vagal stimuli are 
synchronized, the small artefacts of the vagal stimuli being indicated by an arrow 

} below each observation. Tuning fork, 1 d.v.=100c. 


Fig. 4. A series of observations as in Fig. 1, the single shocks being applied to the left 
vagus in the first four observations and to the right in the last four at the time 
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FURTHER EXPERIMENTS ON VAGAL INHIBITION — 
OF THE HEART BEAT". | 


By G. L. BROWN anp J. C. ECCLES. 
(From the Physiological Laboratory, Oxford.) 
(Received June 22, 1934.) 


THE INHIBITORY EFFECT OF TWO VAGAL VOLLEYS. 
| One volley down each vagus. 

In the preceding paper it has been shown that a single volley in either 
vagus produces an inhibition of the rhythm of the pacemaker of the 
heart. If one vagus nerve is stimulated simultaneously with or at any 
time after the stimulation of the other vagus nerve, an additional inhi- 
bition is produced. A series of observations is shown in Pl. I, fig. 1, and 
in Text-fig. 1 the course of this combined inhibitory effect is represented 
by the method of plotting used with the single vagal inhibitions, the 
interval between the vagal stimuli being 90c for the points represented 
by crosses and 16o for the circles. Both series of points are seen to lie 
on the same curve, and in experiments in which the stimuli were applied 
simultaneously to the right and left vagi the curves so obtained have 
also been identical with those obtained with short intervals between the 
stimuli, This absence of any refractory period effect indicates that the 
right and left vagi are distributed independently to the pacemaker, 1.c. 
there is no appreciable convergence of their pathways in the ganglia or 
elsewhere. 

In Text-fig. 2 are shown the inhibitory curves for each vagus alone, 
and the broken line in Text-fig. 1 shows the curve derived by addition 
of the two curves of Text-fig. 2. In its earliest part this derived curve 
is in good agreement with the points actually obtained for the inhibitory 
lengthenings, but after several cycles the derived curve is definitely 
higher. Thus during the first few cycles after the double vagal stimuli 


* For the introduction and the method of experiment the previous paper may be 
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Text-fig. 1. Points of an inhibitory curve plotted as in the previous paper, but obtained 


with two stimuli, one to the left vagus being followed at either 16¢ (circles) or 90¢ 
(crosses) by one to the right vagus. The broken line shows approximately the curve 
derived by summing the inhibitory curves obtained independently for the right and 


left vagi in Text-fig. 2. Normal oycle=4300. 
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Text-fig. 2. Inhibitory curves of right and left vagi, the right vagal curve being the higher 
the two. | 
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there is a summation of inhibitory lengthenirigs; for later cycles, however, 
the double vagal stimuli are less effective than would be expectéd from 
direct summation. This deficiency of the double inhibitory effect begins 
at the same time as a submerged secondary inhibitory wave appears in 
the single inhibitory curves, so the “occlusion” of the inhibitory effect 
seems to be due to “occlusion” of this secondary wave. In six other 
experiments of this type similar results were obtained in four, 4.¢. there 
was summation of the inhibitory lengthenings for a few cycles after the 
vagal stimuli and, with the appearance of the secondary inhibitory wave, 
“occlusion” developed. | 
The remaining two experiments were irregular, double vagal stimuli 
producing sometimes a lengthening in excess of the summed effect of 
the single vagal curves, but more frequently a deficient lengthening. 
However, in these experiments the secondary inhibitory wave was also 
associated with “occlusion.” Displacement of the pacemaker may explain 
the deficient lengthening observed in these two abnormal experiments, 
but the action potentials of the beats also indicated that displacement 
of the pacemaker probably occurred in some of the experiments where 
summation of the inhibitory curves was observed. Further experiments 
are therefore needed before these anomalous results can be explained. 
Since, as was seen above, the right and left vagi are distributed inde- 
pendently to the pacemaker, a volley down each would produce a con- 
centration of a.c. substance equal to the sum of the concentrations pro- 
duced by either volley alone. The observed summation of the inhibitory 
lengthenings during the primary inhibitory wave is therefore in agree- 
ment with observations in the previous paper which indicated that within 
limits the lengthening of the cycle produced by a.c. substance was 
directly proportional to its concentration. The “occlusion” of the secon- 
dary wave is in agreement with the conclusions derived from comparisons 
of maximal and submaximal inhibitory curves, and from the effects of 
eserine and atropine [Brown and Eccles, 1934]. “Occlusion” is always 
a characteristic feature of the secondary wave, and it should eventually 
be of importance in indicating the way in which that wave is produced. 
The “occlusion” of the secondary wave has made it impossible to deter- 
mine the effect of summation on the descending part of the primary 
wave. Hence it has not been possible to obtain any evidence bearing 
on the complications considered in the previous paper, namely, the 
relatively slower rate of the enzymatic destruction with large concen- 
trations of a.c. substance, and the “adaptation” of the rhythmic me- 
chanism to the inhibitory effect of a.c. substance. 


¥ 
é 
By 
+g 
‘ 
u 
4 


Both volleys down the same vagus. | 
| ore extensive series of observations have been made of the effect 
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produced by applying both stimuli to the same vagus nerve. When the 
second stimulus follows at a long interval, the double vagal curve for the 
first few cycles may correspond with a direct summation of two single 
vagal curves, e.g. in Text-fig. 3 with an interval of 390¢ the broken line 
represents the summed curve and the points the actual experimental 
observations. Such observations are similar to those usually obtained 
when one volley was fired down each vagus, so it may be concluded 
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Text-fig. 3. Points of an inhibitory curve obtained with two stimuli to the right vagus at 
an interval of 390c. The second stimulus is shown by the arrow. The curve derived 
by summing the two single inhibitory curves at that interval is shown by the broken 
line, the single inhibitory curve by the continuous line. 

that the second volley has liberated the same amount of 4.c. substance . 

as the first volley, 7.ce. that there has been a complete recovery in the 

“secretory” mechanism. 

About 1 sec. after the second vagal stimulus the points definitely lie 
below the summed curve, showing that an “occlusion” has developed 
in the combined inhibitory effect. As previously observed this “occlu- 
sion” runs parallel with the secondary inhibitory wave, which in Text- 
fig. 3 is recognizable only as a hump on the descent of the primary wave. 
The well-developed secondary wave in Text-fig. 5 is more markedly 
occluded. 

Text-fig. 4 shows a series of curves obtained with different intervals 
between the two vagal stimuli. At long intervals the maximum double 
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vagal effect is somewhat greater than additive, but at an interval of 300 
the double vagal effect is definitely less than additive. At an interval 
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0°5 1-0 15 
Seconds 
Text-fig. 4. Points of a series of inhibitory curves obtained by applying two stimuli to 
the right vagus at the intervals stated for each figure. Normal cycle=2750. The 
second stimulus is shown by the arrow in the last five figures. In the first four the 
curve for the single stimulus is shown by a broken line, and in all but the first a 
broken line shows the curve derived by combining two such single inhibitory curves 
at the stimulus interval obtaining for each figure. 


as short as 4-50 the double vagal effect has decreased but little further, 
while at 2-20 the second vagal stimulus is without any effect. This of 
course is due to the absolutely refractory period of the nerve fibres, a 
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value of 2:2-4-bo being given for the B, group [cf. Brown and Eccles, 
1934] by Bishop and Heinbecker [1930]. The deficiency at 30c could 
not be due to a relatively refractory period of the nerve fibres, though 
the existence of a synaptic relay in the ganglion must not be forgotten; 
however, in the superior cervical ganglion the action potential indicates _ 
that the relatively refractory period of the synaptic transmission is not 
longer than 10¢ for the fast B, fibres [Eccles, 1934], and Brown [1934] 
finds a relatively refractory period of not more than 15e for conduction 
through the superior cervical ganglion. Moreover, at an interval of 300 
the double vagal stimulus produced little further inhibition than at 4-50, 


0-3 
one 
0-1 
0-0 0-5 1-0 1-5 2-0 25 3-0 


Seconds 


Text-fig. 5. Points of a double inhibitory curve obtained concurrently with the single 
inhibitory curve of Text-fig. 8 [Brown and Eccles, 1934], the time of the second 
stimulus being shown by the arrow. The broken line shows the curve derived by 
summation of two single inhibitory curves at the stimulus interval, and the con- 

' tinuous line shows the single inhibitory curve. _ 


80 it appears that two factors are involved in producing the ee 
of summation. The one at short intervals is presumably due to the re- 
fractory state of the nerve fibres, and the other is only recovered from 
after a relatively long interval. The latter effect might be due to the 
vagal volley producing a partial exhaustion of the “secretory” me- 
chanism of postganglionic fibres, so that there would be a diminished 
liberation of a.c. substance by the second volley reaching those fibres. 
In the experiments of Text-fig. 4 recovery from this exhaustion appeared 
to be complete in 90c. A possible alternative explanation would be that 
some fibres in the vagus trunk exerted an inhibitory effect on the post- 
ganglionic cells, i.e. a second volley finds some of those cells inhibited 
and so sets up a smaller postganglionic volley. An inhibitory effect of 
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this type actually occurs in the superior cervical ganglion [Eccles, 
19346]. ; 
In some experiments the recovery was not nearly complete in 0-5 sec., 
while in other experiments a second vagal volley even as short as 12¢ 
after the first produced its full effect. In such cases it was not possible 
to distinguish a deficiency effect apart from the relatively refractory 
period. It may be that the inhibitory terminals were provided with a 
store of a.c. substance sufficient to enable the second vagal volley to 
liberate the full amount in spite of the closely preceding volley. 
Witanowski [1925], Plattner [1926], Engelhart [1930] and 
Chang and Gaddum [1933] have found that alcoholic extracts of the 
heart contain considerable quantities of a.c. substance, which in mammals 
is chiefly confined to the auricles. The first three observers found that 
this a.c. substance was considerably increased by prolonged tetanic 
stimulation of the vagus, and so it has been assumed [cf. Feldberg and 
Krayer, 1933] that the vagus acts primarily by forming A.c. substance, 
and not by liberating it from a preformed store. Chang and Gaddum 
have criticized this view on the grounds that even in the absence of nerve 
stimulation large quantities of a.c. substance may be extracted from tissues. 
In addition they found that nerve stimulation for even half an hour or 
longer failed to increase the a.c. equivalent of the submaxillary gland. 
In the above experiments it has been seen that a second stimulus 
only 12¢ after the first produced its full inhibitory effect, i.e. an impulse 
passing along a postganglionic fibre only 12¢ after a previous impulse 
liberated a full amount of a.c. substance. This quick recovery of activity 
is evidence supporting the view that the a.c. substance is liberated from 
a preformed store. However, an amount of a.c. substance can be ex- 
tracted from the mammalian auricle (vagus not stimulated), which is 
vastly in excess of that liberated by two vagal volleys, so it is surprising 
that in some experiments a second vagal volley liberates a deficient 
quantity of 4.c. substance even at an interval as long as 0-5 sec. after 
a previous volley. In such cases the preformed store of 4.c. substance 
which is indicated by the extraction experiments must require some 
time for its mobilization. 


THE ACTION OF A SINGLE VAGAL VOLLEY SET UP DURING THE 
CYCLE SUBSEQUENT TO A PREMATURE BEAT. 
5 In a previous paper [Eccles and Hoff, 19344] the cycle following a 
single premature beat has been studied by observing the effect of a second 
premature beat set up at varying phases of this premature beat cycle. 
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In the present paper the premature beat cycle is subjected to further 
investigation by setting up single vagal — at varying times through- 
out its course. 

Pl. I, fig. 2, shows a series of slnereelions from one of the eight 
experiments in which this investigation has been carried out. In obser- 
vations 1, 3, 7, 9 and 11 a premature beat was set up by a stimulus 
applied to the pacemaker and 160¢ later an induction shock was applied 
to the vagus nerve. In observations 3, 9 and 11 the vagal volley obviously 
produces a great lengthening of the premature beat cycle, while in 
observations 1 and 7 the vagal volley is much less effective. The other 
observations are controls, 5 and 13 showing the effect of a premature 
beat alone, and 2, 4, 6, 8, 10, 12 and 14 showing the action of a vagal 
volley when it was not preceded by a premature beat. On account of 
their longer curtailed cycles and consequent shorter premature beat 
cycles observations 1 and 7 may be distinguished from observations 3, 9 


R; 
P V 


Text-fig. 6. ofl volley ap during & premature 
beat cycle. Full description in text. 


and 11. The vagal volley would be set up nearer to the end of such short 
premature beat cycles and this would provide a simple explanation of 
its much smaller inhibitory effect in observations 1 and 7. Observations 
12 and 14 show that a similar small shift of the vagal stimulus relative 
to a normal cycle is also accompanied by a very great increase in the 
inhibitory lengthening of that cycle. 

A closer investigation of the effect of single vagal volleys on premature 
beat cycles is facilitated by the method of plotting illustrated by Text- 
fig. 6. R,, R, and R, are the consecutive ncrmal beats of the pacemaker, 
and P is a premature beat which would be followed by the premature 
beat cycle PR,, if the inhibition produced by a vagal volley set up at V 
had not lengthened the cycle to R;. For any duration of the curtailed 
cycle R,P, the duration of the premature beat cycle PR, may be deter- 
mined from the control observations with single premature beats alone. 
R,R, is the inhibitory lengthening of the premature beat cycle and it 
may be expressed as a fraction of the normal cycle R,R, in order to 
make the curve comparable with the normal inhibitory curve. This step 
is justified by previous work [Eccles and Hoff, 1934a] which showed 
that the building up of excitement is the same during the latter parts 
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of premature beat cycles and of normal cycles. The inhibitory curve is 
constructed by plotting for each observation the quotient R,R,/R, R, 
as ordinate against VR, as abscissa. 


The points of Text-fig. 7 have been calculated in the above way and 


are seen to be in fairly good agreement with the normal inhibitory curve, 
shown by the broken line. A series of observations taken with any one 
interval between the stimulus to the pacemaker and that to the vagus 
does not give a sufficient range of the inhibitory curve. Several series 


of observations therefore have to be taken with different intervals, e.g. 


the observations of Text-fig. 7 are made up of four series with intervals 


ranging from 0-285 to 0-575 of a cycle. 

- 
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Text-fig. 7. Points of an inhibitory curve for a single vagal volley derived from the 
inhibition of premature beat cycles by the calculation described in the text. Normal 


cycle =360c. The broken line shows the inhibitory curve obtained with normal cycles. — 


The points show four series of observations with different intervals between the 
stimulus setting up the premature beat and the vagal stimulus, the intervals, measured 
as fractions of a normal cycle, being as follows: circles, 0-575; oblique crosses, 0°50; 
upright crosses, 0-435; squares, 0-285. 


In four other experiments there has also been good agreement be- 
tween the inhibitory curve derived from premature beat cycles and the 
normal inhibitory curve, and in one of these experiments there was good 
agreement when the rhythm was slowed by tetanic stimulation of the 
other vagus. The three experiments in which agreement was not present 
will be considered later. 

In discussing the action of a single vagal volley the caiiianton was 
reached that the lengthening of a cycle was related to the concentration 
of the 4.c. substance at the end of that cycle, the next beat being delayed 
until the increase of ‘excitement above threshold quantitatively just 
antagonized the inhibitory effect of the a.c. substance. The similarity 
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between normal inhibitory curves and those derived from premature 
| beat cycles indicates that, when the end of a premature beat cycle is 
delayed by inhibition, the building up of excitement continues in exactly 
the same way as it would do with a normal cycle. Moreover, this building 
up of excitement beyond the normal end of a premature beat cycle 
- follows the same course no matter what the length of the preceding cur- 
tailed cycle, for in a series of observations, e.g. Text-fig. 7, the premature 
beats were set up at all possible phases of a normal cycle. Therefore 
not only is the building up of excitement during the latter 
part of a premature beat cycle similar to the rise of excitement 
in the normal cycle [Eccles and Hoff, 1934a], but, when the 
termination of a premature beat cycle is delayed by a vagal 
volley, the building up of excitement continues to follow a 
course which is similar to that occurring with a normal cycle 
similarly lengthened. The inhibitory lengthening of the cycles fol- 
lowing a premature beat cycle is also normal in amount, being unaffected 
by the preceding premature beat. This finding is in agreement with the 
previous conclusion that the setting up of a beat has no influence on the 
inhibitory effect of the a.c. substance. “ | 


Aberrant inhibitory curves calculated from subsequent cycles. 

In three experiments the inhibitory curve calculated from premature 
beat cycles has shown a systematic deviation from the normal inhibitory 
curve. This deviation has been particularly obvious in the experiment 
illustrated by Pl. I, fig. 3. The first six observations of this figure are 
arranged from above downwards in order of diminishing duration of 
curtailed cycles, the next two observations are controls of the premature 
beats alone, and the last three are controls of the vagal volley alone. 
Observations 1—4 seem fairly normal, being comparable with the obser- 
vations of Pl. I, fig. 2. Thus on account of the long curtailed cycle the 

_ premature beat cycle is almost unaffected by the vagus in observation 1 
(cf. observations 1 and 7, Pl. I, fig. 2), but in observations 2, 3 and 4 it 
suffers a considerable inhibitory lengthening (cf. observations 9, 10 
and 11, Pl. I, fig. 2); however, in these three observations the inhibitory 
lengthening diminishes as the curtailed cycle shortens. The further short- 
ening of the curtailed cycles seen in observations 5 and 6 has been 
accompanied by a sudden accentuation of this diminution of inhibitory 
lengthening. In fact a comparison with the control observation 8 shows 
that the vagal volley has actually shortened the Peet 
beat cycle. > 
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In this experiment five other series of observations were taken with 


different intervals between the stimuli setting up the premature beat 
and the vagal volley, and, as the curtailed cycle was shortened, a similar 
sharp transition occurred in all except the series with the longest interval, 


Text-fig. 8. Points of aberrant inhibitory curves for premature beat cycles derived as in 


Text-fig. 7. Normal cycle=335¢. The continuous line shows the normal inhibitory 
curve [see Fig. 19, Brown and Eccles, 1934]. There are six series of observations 
with different intervals between the premature beats and the vagal stimuli as follows: 
squares, 0-74; dots, 0-595; upright crosses, 0-53; triangles, 0-45; oblique crosses, 0-385; 
circles, 0-335. On the lower part of the normal curve lie all observations of the first 
series, and those observations of the series shown by dots (8), upright crosses (1) and 
triangles (1) which have long curtailed cycles. With the shorter curtailed cycles of 
these three latter series and even with long curtailed cycles of the series shown by 
oblique crosses and circles the points lie on the oblique broken lines beginning usually 
slightly above the normal inhibitory curve near its summit and descending downwards 
and to the left as the curtailed cycle shortens. Finally, as the curtailed cycle shortens 
to less than 0-61 there is a sudden transition (indicated by the oblique broken lines) 


_ to those groups of points lying slightly above or below the base line. 


the critical length of the curtailed cycle being always about 0-61 of a 
normal cycle. In Text-fig. 8 all the observations with the inhibited 
premature beat cycles of this experiment are plotted after calculation 


in 


the above way, and the normal inhibitory curve for a single vagal 


volley is also drawn. When the curtailed cycle is almost 1-0 in duration, 
there is in all series fairly good agreement with the normal inhibitory 
curve. A progressive deviation occurs as the curtailed cycle shortens 
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to 0-61, at which point there is an abrupt transition in all series except 
that with an interval of 0-74 of a cycle between the two stimuli. In all 
observations of Text-fig. 8 except two in the series with an interval of 
0-385, the cycle next following the premature beat cycle suffered a 
normal inhibitory lengthening. In these two exceptional cases the 
lengthening of that cycle was also much less than normal. 

Thus in this experiment the inhibitory effect of a vagal 
volley distinguishes sharply between normal cycles and pre- 
mature beat cycles following short curtailed cycles. No such 
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Text-fig. 9. Another aberrant series of inhibitory curves derived from premature beat 
cycles. Background tetanic stimulation of right nervi accelerantes (cycle=2600). 
The broken line shows the normal inhibitory curve. There are three series of observa- 
tions with different intervals as follows: dots, 0-66; circles, 0-59; crosses, 0-50. The 

_ points of each series lie on a different curve. The temporal order of the observations 
(middle series first) showed that this was not due to a gradual change in the pre- 
ti 


difference of behaviour has been detected by setting up a second pre- 
mature beat during a premature beat cycle [Eccles and Hoff, 1934a], 
but this effect of two premature beats has not been investigated in any 
of these three aberrant experiments. However, in the above experiment 
the control observations with single premature beats alone showed no 
change corresponding to the sudden transition in the vagal effect as the 
curtailed cycle is shortened to less than 0-61 of a normal cycle. In the 
only control observation (Pl. I, fig. 3) of a single premature beat with 
a curtailed cycle shorter than 0-61 (observation 8), the premature beat 
cycle is seen to be terminated by a beat having an abnormal action 
potential. But in other control observations of this experiment a normal 
beat has terminated the premature beat cycle, even when the curtailed 
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cycle was shorter than the critical duration, and the cycle next following 
the premature beat cycle has been normal in duration. 

Inhibitory curves derived as above from premature beat cycles have 
been very similar to Text-fig. 8 in one of the other two experiments 
giving aberrant curves, but there was in this experiment no sharp tran- 
sition, even though the curve similarly fell below the base line (0-0) with 
short curtailed cycles. In the remaining experiment the inhibitory curve 
derived from premature beat cycles has shown the reverse deviation 
from the normal inhibitory curve. Text-fig. 9 shows the points calculated 
as above from observations obtained with three different intervals be- 
tween the stimuli setting up the premature beat and the vagal volley. 
The normal inhibitory curve is also drawn. With long curtailed cycles 
the calculated points lie close to the normal inhibitory curve, but, as 
the curtailed cycle shortens, the inhibitory lengthening of the premature 
beat cycle increases much more rapidly than is the case in the normal 
type of experiment, i.e. the premature beat cycle becomes much more 
susceptible to inhibitory lengthening than is a normal cycle. The obser- 
vations of Text-fig. 9 were taken during tetanic stimulation of the right 
nervi accelerantes. With normal rhythm the inhibitory curves calculated 
from premature beat cycles deviated in the same direction from the 
normal inhibitory curves, but to a much less extent. 


The aberrant inhibitory effects on premature beat cycles are similar 
in many respects to the early and late subsequent beats which may 
follow two premature beats set up at a short interval apart, and both 
phenomena are almost entirely restricted to those experiments in which 
there was a relatively great lengthening of single premature beat cycles 
[Eccles and Hoff, 19346]. It therefore seems probable that there is a 
common explanation for these two types of behaviour. In the previous 
paper it was shown that the production of early subsequent beats could 
be satisfactorily explained on the basis of fractionation of a rhythmic 
centre composed partly of exciting and partly of inhibiting components. 
This hypothesis has already been suggested as a possible explanation of 
the double-wave type of inhibitory curve [Brown and Eccles, 1934], 
and it might well be extended to cover the aberrant effects of vagal 
volleys on premature beat cycles. 

Aberrant inhibitory effects on premature beat cycles are interesting 
because they agree with the effects of early premature beats in showing 
that the functioning of a rhythmic centre is not susceptible of a simple 


explanation. For example, after a premature beat the rhythmic centre 
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may appear to be behaving perfectly normally and yet its response to 
a single vagal volley may be as extraordinary as those shown in PI. I, 
fig. 3, and Text-figs. 8 and 9. It has been shown that the responses to 
early premature beats are not explicable simply by assuming a temporary 
displacement of the pacemaking function to some other'rhythmic centre 
in the sino-auricular node or elsewhere [Eccles and Hoff, 19345], 
and a similar conclusion also holds for aberrant effects of vagal 
volleys on premature beat cycles. 


CoNCLUSIONS. 


The conclusions drawn in this and the previous paper may be arranged 
under five headings. 

(1) The negative chronotropic fibres of the vagus. The right and left 
vagi are distributed independently to the pacemaker, there being no 
demonstrable common pathways in the ganglia or elsewhere. Impulses 
are conducted in the preganglionic fibres at about 30 metres a second, 
and the absolutely refractory period is less than 4-5c. 

(2) The liberation of a.c. substance from the postganglionic fibres of 
the vagus. In some experiments a second volley has liberated the same 
amount of A.C. substance as the first, even when it follows at an interval 
as short as 12. This supports the view that the a.c. substance is liberated 
_ from a preformed store. However, in other experiments a second volley 


produces a smaller amount of a.c. substance even when it is at a much 


longer interval after the first volley. This may be due to a delay in the 
mobilization of the preformed .c. substance. 

(3) The time course of the concentration of the a.c. substance acting on 
the pacemaker. There is a latent period of rather more than 100c before 
a volley in the postganglionic fibres produces an inhibitory effect on the 
pacemaker. It is probable that most of this time is occupied in diffusion 
of 4.c. substance from the point of its liberation to the site of its action 
on the rhythmic mechanism of the pacemaker, but a part of the delay 
may occur in the rhythmic mechanism of the pacemaker. The concen- 
tration of A.c. substance acting on the pacemaker continues to increase 
for about 0-3 sec., but even during this period it is being rapidly destroyed 
by the specific esterase present in the tissues, and after the maximum 
is attained this rapid enzymatic destruction continues, the concentration 
of 4.c. substance being halved in every 0-4-0'8 sec. 

(4) The action of a.c. substance on the rhythmic mechanism of the 
pacemaker. The following provisional hypothesis has been put forward. 


2 
a 
a 
4 
x 
4 
¥ 
og 
& 


256 G. L. BROWN AND J. C. ECCLES. 


The rhythmic mechanism of the pacemaker sets up a beat when its 
excitement reaches a certain threshold. intensity. a.c. substance inhibits 
by acting as a quantitative antagonist to this excitement, the setting 
up of a beat being delayed until the excitement is built up to such an 
intensity that the uninhibited excitement attains a threshold value. For 
about 0-3 of a cycle after the normal time of a beat the excitement 
increases linearly, and so the concentration of the a.c. substance is pro- 
portional to the lengthening of the cycle, but thereafter the excitement 
increases at a progressively slower rate. 

(5) The action of the rhythmic mechanism of the pacemaker. The above 
increase of excitement usually follows a similar time course with pre- 
mature beat cycles, but in some experiments the aberrant inhibitory 
curves which have been obtained with premature beat cycles seem to 
indicate that there has been a fractionation of the rhythmic centre. 
A similar explanation has also been suggested for the common double- 
wave type of inhibitory curve, for no simple explanation has proved 
satisfactory. | | 

| SUMMARY. 


_ The inhibitory curve for two vagal volleys, one being in each vagus, 
usually is identical with the sum of the primary waves of the two single 
inhibitory curves. There is always occlusion of the secondary inhibitory 
waves. When both volleys are in the same nerve and at a sufficiently 
long interval, the primary wave of the double inhibitory curve is also 
usually identical with the summed curve. Two factors seem responsible 
for the deficiency obtaining with short stimulus intervals. The relatively 
and absolutely refractory states following the first volley will diminish 
the effect of a second stimulus applied at intervals less than about 120 
after the first. But in many experiments the first volley has a diminished 
effect at much longer intervals—even at 0-5 sec. This may be due to a 
Se exhaustion of the mobilized a.c. substance in the postganglionic 
fibres, 

Single vagal volleys have been set up at varying times during pre- 
mature beat cycles. Inhibitory curves have been constructed from such 
inhibited premature beat cycles, and, as would be expected, they usually 
appear to be identical with the inhibitory curves obtained from normal 
cycles. But in two experiments the inhibition of the premature beat 
cycles was much less than that of normal cycles, and in one experiment 
the inhibition was much greater than normal, the deviation from normal 
increasing in all cases as the curtailed cycle was shortened. In some 
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experiments with 
early premature beats. 
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EXPLANATION OF PLATE I. 


Fig. I. A series of observations as in Pl. I, fig. 1 of previous paper, but in observations 
1, 3, 6, 8 and 9 one stimulus was applied to the left vagus and one to the right, the 

. interval being 160 with the first two and 900 with the remaining three observations 
(the times of the stimuli are indicated by the two arrows). In observations 2 and 7 
one stimulus was applied to the left vagus only, and in observations 4 and 10 to the 
right vagus only. In observation 5 neither vagus was stimulated. Tuning fork, 
1 d.v.=100¢. 


Fig. 2. A series of observations in which premature beats have been set up by single 
induction shocks applied to the pacemaker (shown by first stimulus artefact), a single 
stimulus (shown by second stimulus artefact) being applied to the right vagus during 
the cycle subsequent to the premature beats. The times of the two artefacts for all 
observations are indicated by the two arrows. Many observations are controls with 
either the premature beats or the vagal stimuli alone. Wan Gremio: is teat. 
Tuning fork, 1 d.v.=10c. 

Fig. 3. A series of observations as in Fig. 2, but in another experiment. Full description 
in text. 
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CHANGES IN THE “EFFICIENCY” OF MUSCULAR 
CONTRACTION DURING A SERIES OF 
TWITCHES IN NITROGEN. 


By McKEEN CATTELL anv J. L. PARKINSON. 


(From the Department of Physiology and Biochemistry, 
University College, London. ) 


(Received July 2, 1934.) 


WueEn the isolated sartorius muscle of the frog in nitrogen is stimulated 
with single shocks at a moderately rapid rate the tension developed in 
successive twitches gradually increases. Commonly the tension continues 
to improve for the first 100 twitches, more or less, observed over a period 
of 2 or 3 min. The tension has then reached a value between 40 and 60 p.c. 
greater than the initial twitches of the series. The question arises as to 
whether this increase in tension is due to a greater “‘efficiency”’ in the 
conversion of chemical into elastic potential energy, or whether it may be 
explained on the basis of an increased energy liberation. Information 


should be forthcoming from the study of the 7/H ratios during a treppe 


such as that described above. 

‘Fischer [1930] has studied the efficiency in single twitches and short 
tetani (0-2 sec.) spaced at intervals of about 2 min., and found that the 
later twitches, regardless of whether or not there is an increase in tension, 
have a higher efficiency as indicated by a lessened initial heat production 
in relation to tension. This change occurred only during the first 6-10 
twitches, after which the efficiency as well as the heat produced became 
constant. The conditions thus are not comparable with those of the 
present experiments in which the interval between stimuli was short and 
the tension continued to increase during a long series of twitches. 


METHODS. 


The technique has been essentially that employed in a number of 
recent investigations from this laboratory. For a general account of the 
myothermic technique see Hill [1928]. All the observations have been 
made on double sartorius preparations from the frog (Rana temporarw). 
After mounting on the thermopile in connection with an isometric lever 


& 


ae 
258 
TAY 
| 
3 
sal | 
a 
¢ 
‘ 
4 at 
2 
tis 
f 
4 
a 
is 4 
Si 
° 
i t 
al 
t 
BS 
é 
a 
a 
£4 
“aN 
J 
x 


_ BFFICIENCY OF MUSCULAR CONTRACTION. 259 


recording on a smoked drum, the muscles were soaked for about 2 hours 
in oxygenated Ringer’s solution. About half an hour before taking 
observations the solution was removed and the oxygen replaced by nitro- 
gen (made oxygen-free by passing over heated copper). By means of a 
water bath with a gas thermoregulator the thermopile chamber was kept 
at a constant temperature of 20-3° C. 

Single maximal stimuli were applied to the muscle at a rate of 
between 36 and 46 per min., obtained from a motor-driven Palmer 
contact breaker in connection with an induction coil. Previous activity 
of the muscle after removing the oxygen was avoided. The tensions 
developed in the series of twitches were recorded on the smoked drum 
while simultaneous readings of the galvanometer deflection, measuring the 
heat produced, were made at intervals of 6 sec. A small permanent 
deflection due to the increased osmotic pressure [Hilland Kupalov, 1930] 
always occurred, and it was necessary to make a small correction for it. 
Assuming that the osmotic pressure effect is proportional to the total 
tension developed, a corresponding fraction of the final permanent 
deflection was subtracted from each point of the time-deflection curve. 
Since our purpose was to study possible changes in efficiency occurring 


_ in a series of twitches during which the tension was increasing, it was 


necessary to know the actual time distribution of the heat production. 
For the analysis deflection-time curves were obtained in each preparation, 
after killing the muscle, by a period of control heating equal to the 
time unit in which the analysis was to be carried out. 

The analyses were always in units of 0-2 min., thus giving the total _ 
heat production during successive periods of this duration. The average 
tension level of the twitches in each period was obtained from the kymo- 
graph tracing. The “‘efficiency!”’ is represented by the ratio A (X27)/AH, 
and thus by dividing the total tension by the heat produced in the same 
interval, changes in efficiency taking place during the series of twitches 


- were determined. Calibration of the tension and heat in terms of absolute — 


units was not done because we were not concerned with the actual 
efficiency but only with changes occurring with activity. 
RESULTS. 
The experiments are consistent in showing a small decrease in effi- 
ciency developing during the first minute of activity. Results from a 
typical experiment are reproduced in Fig. 1, and a summary of eight 


1 Strictly speaking the “efficiency” is proportional to 7'/H, where / is length of muscle, 
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experiments is given in Table I. The tensions are expressed as a per- 
centage of that in the first group of twitches and represent the increase 
which had taken place up to, and including, the last period for which an 
efficiency figure is given. Figures for the heat production are not included 
in the table, but it is significant that, with the exception of a decrease 
occurring between the first and second periods of the analysis, the rate of 
heat production continues to increase throughout the treppe and, during 


0 
Fig. 1, Kymograph tracing of a series of twitches in nitrogen over a period of 2 min., 
showing the long continued treppe. The upper curve shows the corresponding changes 
in A (27)/AH. 

the first minute, at a faster rate than the tension. Corresponding to the 
early drop in heat production most experiments show a higher efficiency 
during the second 0-2 min. period than in the first, but subsequently, and 
without exception, there.is a gradual decrease in efficiency. By the 
beginning of the second minute of the series, about 50 twitches, the values 
of A (2T)/AH average about 12 p.c. lower than at the start. There is no 
significant further change with continued activity, although the tension 
of the twitch continues to increase for another minute or more. 

In one experiment the analysis was continued over a period of 
6 min., well past the maximum for the tension which occurred at 3-3 min. 
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(about 150 twitches) after the start. There was no further change in 
efficiency in the subsequent period during which the tensions of the 
twitches were declining. Details of this experiment are shown in curve 4 


2 min., stimulation was continued after an intervening period of 2 min. rest. 
Following this period of rest there was a partial recovery of the A (27T)/AH 
ratio, which again fell in the course of the first minute of the second period 
of stimulation. The results of one of these experiments are given in 
curve B of Fig. 2. Finally, in order to test the possibility that the effi- 
ciency might vary with the stimulation rate, as suggested by the experi- 


A(27)/AH % 


j 
) 2 4 7 6 
Minutes 


Fig. 2. The changes in A (27')/AH occurring during a series of twitches in three experiments. 
: Curve A: continuous series for 6 min. at a rate of 42 twitches per min. Curve B: 
similar, but with an intervening period of rest (2 min.) shown by the dotted line. 
Curve C: during the second 2 min. of the series (shown by the shaded circles) the 
stimulation rate was increased from 36 to 72 per min. 


0 


ments of Lehnartz [1931], in two preparations the effect of doubling 
the rate was studied. In these experiments the standard rates were 
respectively 36 and 38 per min., but for a short period (2 min.) in the 
middle of the series the rate was suddenly increased to 72 per min. The 
change in rate was, however, without effect on the efficiency as is illus- 
trated by the example given in curve C of Fig. 2. In only one prepara- 
tion (Exps. 26. ii. 31a and 6) was the same muscle used twice. In this 
case the muscle was soaked for 2 hours in oxygenated Ringer’s solution 
between the two series, and it will be seen from Table I that the changes 
in efficiency are essentially similar to those in other experiments. 


of Fig. 2. In two experiments, after the initial series of twitches lasting 
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Discussion. 


These experiments demonstrate that during the first minute of activity 
in a series of twitches, a period during which the tension is inc 


- there is a small loss in efficiency as measured by the A (2T)/AH satin. 
_ The heat production during this period increases at a more rapid rate than 


the tension. This fact by itself would seem to indicate that the increase in 
tension occurring in a series of twitches is to be explained on the basis of 
an increased liberation of energy, rather than through an improvement 
in the utilization of that energy. Such a conclusion, however, is by no 
means certain, since, as the subsequent discussion will show, there may 
be a number of influences not all acting in the same direction. 

The experiments of Fischer cited above may appear at first sight 
contradictory to the present results. Under the conditions, however, of 
Fischer's experiments the tension increase was completed in from 6 to 
10 twitches. In our experiments each interval of the analysis (12 sec.) 
included approximately 9 twitches, and in a majority of cases the muscle 
contracted at a higher efficiency during the second 12 sec. period than it 
did in the first. The first unit of the heat analysis is subject to a greater 
error than subsequent units, and it is possible that the first value of the 
efficiency, as determined, is lower than its true value. The difference, 
however, is sufficiently large and consistent to make it extremely likely 
that it represents an actual improvement in the efficiency of tension 
development occurring during the earlier twitches of the series, and may 
correspond to the effect recorded by Fischer. 

In measuring the heat produced in a series of twitches in nitrogen | 
there is included not only the initial heat but also any delayed heat from 
the earlier twitches in the series. It has. been shown by Cattell and 
Hartree [1932] that in a series of twitches the delayed anaerobic 
heat may amount to as much as 20 p.c. of the value of the initial heat. 
The actual rate of the delayed heat production during a series of twitches 
can only be estimated by the rate immediately upon cessation of stimu- 
lation, and it is in the neighbourhood of 8 p.o. of the value of the initial 
heat rate. Thus, if we assume a constant initial heat rate, we can very 
nearly account for the drop in efficiency occurring during the first minute 
of activity, as due to the onset of the delayed heat. The steady level of 
efficiency reached after the first minute of activity would occur when the 
delayed heat rate reached its maximum. It is, of course, possible that 
there is an actual improvement in the tension per unit of initial heat 
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throughout the treppe, but that this is more than Sodiberalanced by the 
rising rate of delayed heat production. 

Another factor which may have a bearing on the results is the varia- 
tion with activity in the relative amount of phosphagen hydrolysis and 
lactic acid formation. According to the work of Nachmansohn [1928], 
Lundsgaard [1931], and Meyerhof and Schulz [1931], in the early 
twitches of a series phosphagen breakdown predominates, while later 
glycolysis becomes of increasing importance. If these determinations are 
a valid representation of previous activity, a decrease in efficiency with 
prolongation of anaerobic activity is to be expected, unless one can 
assume that phosphagen restoration takes place without loss of energy. 
For a further discussion of this point see Cattell and Lundsgaard 
[1933]. Lundsgaard [1931] has determined the changes in the phos- 
phagen and lactic acid content of muscles subjected to various periods of 
activity under anaerobic conditions. On the basis of the accepted values 
for heat liberated in the breakdown of phosphagen and glycogen, the 
calculated ratio of tension to heat showed a definite decrease (lessened 
efficiency) as the duration of the series of twitches was increased. _ 


SuMMARY. 


In the sartorius muscle of the frog measurements have been made of 


the changes in efficiency occurring during the treppe observed in a series 
of twitches in nitrogen at a rate of about 40 per min. This has been done 
by analysing the course of the total heat produced in time units of 
0-2 min., and comparing the heat with the total tension in corresponding 
periods. Usually the twitches in the second 0-2 min. interval are slightly 
more efficient than at the start. During the subsequent minute the ratio 
A (2T')/AH falls to a value averaging 88 p.c. of the original. There is no 
further change in efficiency, although the tension continues to increase 
for another minute or more. The results are discussed in relation to possible 
underlying 


Cattell, M. and Hartree, W. (1932). J. Physiol. 74, 221. 
Cattell, M. and Lundsgaard, E. (1933). Ibid. 78, 246. 
Fischer, E. (1930). Pflagers Arch. 225, 532. 

Hill, A. V. (1928). Proc. Roy. Soc. B, 108, 117. 
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Lundsgaard, E. (1931). Biochem. Z. 238, 322. 
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-ASPHYXIAL ARREST OF THE ISOLATED | 
FROG’S VENTRICLE. 


By A. J. CLARK, R. GADDIE! ann C. P. STEWART?, 


(From the Departments of Materia Medica and Medical 
Chemistry, University of Edinburgh.) 


(Received May 10, 1934.) 
Tue only known sources of energy available to the isolated frog’s 


ventricle, when this is deprived of oxygen, are the breakdown of phos- 
phagen and the conversion of carbohydrate to lactic acid. The phos- 


 phagen content of the frog’s ventricle can supply energy sufficient for 


only about twenty beats (Clark, Eggleton and Eggleton, 1932] and 
hence the maintenance of anaerobic activity for any longer period must 
depend on the production of lactic acid. 

The writers showed in a previous paper [1932] that a frog’s ventricle 


in presence of a large volume (10 c.c.) of alkaline Ringer’s fluid would © 
- continue to function for more than an hour, until indeed the available 


carbohydrate reserves were exhausted, but that in presence of neutral 
Ringer’s fluid it was arrested in about 20 min. We concluded that the 
 asphyxial arrest in presence of neutral Ringer’s fluid was due to an 


accumulation of lactic acid within the ventricle inhibiting further for- © 


mation, but Gottdenker and Wachstein [1933] have since shown that 
asphyxial arrest of isolated rabbit’s auricles can occur without there being 
any measurable accumulation of lactic acid within the tissue. This fact 
is difficult to reconcile with the hypothesis we advanced, and the experi- 


ments described below were devised to obtain further information re- 


garding the cause of asphyxial arrest in the frog’s ventricle. In these 
experiments small volumes of fluid were used and care was taken not to 
approach the stage of carbohydrate exhaustion, so the results show the 
effects of accumulation of lactic acid on anaerobic metabolism. 


1 Beit Memorial Research Fellow. 
* In receipt of part-time grant from Medical Research Council. 
PH. LXXXII. 18 
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EXPERIMENTAL METHODS. 


Experiments were made on ventricles of frogs (R. esc. Hung.). The 
average weight of the ventricles was 0-11 g. The apparatus used to re- 
cord the mechanical response has been described previously [Clark and 
White, 1928, fig. 2]. The isolated ventricle was stimulated at a constant 
rate (usually 16 per min.), and the isochoric response was registered 
intermittently. 

The Ringer’s fluid used had the following percentage composition: 
NaCl 0-65, KCl 0-015, CaCl, 0-012, sodium phosphate 0-03. In most 
cases 5 p.c. of hirudinized frog’s plasma was added. 

Two methods of producing asphyxia were employed. In most cases 
a stream of nitrogen purified by passage over heated copper was passed 
through the fluid (open method). In a few experiments the neck of the 
cannula was closed by a plug made by wrapping rubber round one end 
of a tube of stainless steel, and the fluid in the ventricle (about 0-2 c.c.) 
was thus cut off from the air except as regards the small surface inside the 
steel tube. This “plug method” was convenient for studying the effect 
of asphyxia on ventricles in contact with a small quantity of fluid. 

Lactic acid was estimated by the method previously used by the 
authors [1932], potassium by the method described ii Peters and 
van Slyke [1932]. 


LacTIC ACID PRODUCTION OF THE ANAEROBIC VENTRICLE. 


Two series of experiments were made. In the first series the cannula 
contained 1 c.c. of fluid through which nitrogen was passed (open method). 
In the second series the ventricle was in contact with 0-2 c.c. fluid (plug 
method). Three ventricles were used for each experiment in order to get 
an adequate quantity of material for analysis. Fig. 1 summarizes the 
results of about ninety experiments and thirty sets of analyses, whilst 
Fig. 2 shows the typical changes observed in the mechanical response and 
the progress of lactic acid formation as calculated from Fig. 1. 

Unpublished experiments by two of the authors [Gaddie and 
Stewart] have shown that the method used for determining lactic acid 
actually includes any methy] glyoxal present, and that other intermediate 
products of carbohydrate breakdown may interfere slightly. Our estima- 
tions of the lactic acid content of the ventricle are probably about 10 p.c. 
too high owing to the presence of methyl glyoxal, but as far as is known 
this error affects equally the figures for control and for asphyxiated hearts. 
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Although three ventricles were used for each estimation of lactic acid 
yet the results show a wide scatter and hence the average results can only 
be regarded as approximations. 
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Fig. 1. Lactic acid production during asphyxia and recovery. Abscissa, time in minutes. 


Ordinates, from above downwards: (a) total lactic acid production (mg. per g. ven- 

- tricle); (5) lactic acid content of ventricles (mg. per g. ventricle); (c) lactic acid content 
of fluid in ventricle (mg. per c.c.). The pH observed is given in brackets. I, results with 
1 c.c, fluid; open method. II, results with 0-2 o.c. fluid; plug method. Three ventricles 
used for each analysis. 


Fig. 2 shows an initial production of 0-2 mg. lactic acid per g. ventricle 
per min. In previous experiments (Clark, Gaddie and Stewart, 1932], 
in which ventricles were asphyxiated in presence of 10 c.c. of Ringer’s 
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fluid, we found a lactic acid production during the first 40 min. of about 
0-08 mg. per g. per min. The oxygen consumption of ventricles isolated 
in a similar manner to the above is about 17 c.mm. per g. per min. 
[Clark and White, 1928, Table IT], and this quantity would be sufficient 
to oxidize 0-022 mg. carbohydrate. Since the lactic acid production in the 
early stages of asphyxia is between 4 and 9 times greater than the carbo- 
hydrate equivalent of the oxygen consumption, it is fully adequate to 
provide the energy needed for the production of the mechanical response. 
Fig. 2 also shows that a rapid fall in the mechanical response coincides 
with a great diminution in the lactic acid production, and our previous 

100% ? 


| Asphyxi Aeration 


10 20 

Fig. 2. Lactic acid production and mechanical response during asphyxial recovery. 
Abscissa: time in minutes, Ordinates: above, mechanical response as p.c. normal; below, 
lactic acid production in mg. per g. ventricle per min. Upper curve and lightly hatched 
area, results with 1 c.c. fluid. Dotted line shows recovery when fluid changed. Lower 
curve and darkly hatched area, results with 0-2 c.c. fluid. 


results [1932] with asphyxia in presence of 10 c.c, fluid showed the same 


correlation. 


These quantitative results therefore are in accordance with the theory | 


that formation of lactic acid is the chief source of energy available to the 
anaerobic ventricle. 

The figures show that asphyxia for 10 min. with 0-2 c.c. fluid or for 
30 min. with 1 c.c. fluid both reduce the mechanical response to about 
20 p.c. of the normal, but the figures for the lactic acid content of the 


ventricle show that after 10 min. asphyxia with 0-2 c.c. fluid the lactic 


acid content of the ventricle is very little above the control value. This 
result confirms the conclusion of Gottdenker and Wachstein [1933] 


that asphyxial failure may occur without any rise in the lactic acid 


content of the heart. On the other hand the two sets of experiments show a 
similar relation between the changes in the mechanical response and the 
changes in the reaction of the fluid in contact with the ventricle. 
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Table I shows the results of experiments with 0-5 and 2-0 c.c. perfusion 
fluid together with results taken from Figs. 1 and 2. Variation in the 
volume of fluid causes a parallel variation in the time taken for asphyxial 
_ depression to be produced and in the amount of lactic acid produced, but 

the final concentration of lactic acid in the fluid is similar in all cases. 

These results suggest that the cause of asphyxial arrest in these cases 
is that the acidity of the fluid in contact with the ventricle arrests the 
production of lactic acid, and that this effect is produced when the pH 
falls to about 6-5. 


Tasxz I. Influence of volume of Ringer's fluid on asphyxia of the ventricle. (The Ringer’s 
fluid contained 0-03 p.c. phosphate and 5 p.c. frog’s plasma.) 


Volume of fluid (c.c.) 0-25 05 80 
(plug) 

Time (min.) taken for to re- 5-0 9-0 18-0 30-0 
duce mechanical half 

Total lactic acid ( r uced 0-4 1-2 2-0 4-0 
mg. per g.) prod 

Lactic acid concentration in fluid (mg. 0-21 0-26 0-25 0-24 
per c.c.) when the mechanical re- 
sponse is reduced to one-half 


THE EFFECT OF ACID ON THE FROG’S VENTRICLE. 


Experiments were next made to determine the effect of acid on the 
ventricle in aerobic and in anaerobic conditions, and the results are 
summarized in Table II. This table shows that little effect is produced on 


Taste II. Effect on ventricle of reaction of fluid (1 c.c. volume). 


Aerobic 
Aerobic recovery 
Height Anaerobic Duration of 
response Time (min.) needed for 
(as p.c. until Final recovery of 
Initial original) mechanical mechanical — 
reaction of after20 responseis Durati response Final re- 
fluid min.per- reduced (min.)of as p.c. of of 
(pH) fusion 50 p.c. anaerobiosis 0 
8-0 100 18 25 40 
70 100 15 18 40 6-6 6 
66 100 “8 15 27 6-6 9 
6-2 70 4:5 7 25 6-4 No recovery 


the ventricle supplied with oxygen until the pH falls below 6-6. This 
result agrees with those obtained by previous workers (Clark, 1913; De, 
1928]. Smith [1926] used strips of turtle’s auricle and found that most 
acids, including lactic acid at a pH of 6-0, produced a gradual depression 
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of the mechanical response, but that increase of CO, tension produced a 
rapid inhibition. : 

Table II shows, however, that a change from pH 7-0 to 6-6 is sufficient 
to double the rate at which asphyxia produces depression of the mechanical 
response. Anaerobic metabolism is therefore more easily inhibited by 
acidity than is aerobic metabolism, and this conclusion was confirmed by 
experiments in which the effect of acidity on the production of lactic 
acid was measured. 

Exp. Nine ventricles were perfused with Ringer’s fluid (1 c.c.) at pH 
6-6 and nitrogen was passed for 15 min. The mechanical response fell by 
50 p.c. in 6 min. and by 80 p.c. in 15 min. The average values for lactic 
acid production were as follows. Content of ventricle 1-5 mg. per g. 
Content of {uid 0-125 mg. per c.c. Total production 1-18 mg. per g. A 


comparison with Fig. 1 shows that the lactic acid production with a fluid 


at pH 6-6 is about half that with a fluid at pH 8-0. 

These results agree in showing that acidity of the perfusion fluid 
checks the asphyxial production of lactic acid and accelerates the rate at 
which asphyxia produces failure of the mechanical response. 


BuFFER CAPACITY OF VENTRICLE. 


The figures in the last line of Table II show that when a ventricle is in 
contact with acid fluid, the pH of the latter may rise, and this indicates 
the passage of some base from the ventricle to the fluid. Furthermore, it 
was found that the pH observed in the heart fluid after asphyxia was 
much higher than that indicated by the lactic acid content. 

The buffers present in the fluid were 0-03 p.c. sodium phosphate and 
5 p.c. frog’s plasma. Titrations of this fluid were made with lactic acid, 
and after thorough aeration to remove carbon dioxide the pH was 
determined by indicators (phenol red, brom-thymol blue and brom-cresol 


Taswz III. Excretion of lactic acid and of lactates from ventricle (1 c.c. fluid). 


Duration of asphyxia in min. 0 5 10 20 30 

pH observed 75-80 71 ‘6-7 6-5 

(mg. perc.c.) found 004 012 02 0-25 0-28 

Lactic acid (me. per c.c.) needed — 002 O04 O10 £014 
to produce pH observed = 

Lactic acid (mg. perc.c.) present 0°04 010 016 O15 014 
as lactate 


purple). Table ITI shows calculations based on these titrations and on the 


results recorded in Fig. 1. This table shows that at the commencement of 
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asphyxia nearly all the lactic acid leaving the ventricle is in the form of 
lactates, and that only later, when the ventricle is beginning to fail, does 
any considerable quantity of free lactic acid pass out into the fluid. 

The lactic acid produced in the ventricle therefore is disposed of in 
three ways: part 1s retained in the ventricle, part passes into the fluid as 
lactate, and part passes into the fluid as lactic acid. From these results it 
follows that the lactic acid that leaves the ventricle cannot be estimated 
directly by measuring the change of pH in the fluid in contact with the 
ventricle, 

Fig. 3 shows the fate of the lactic acid produced in the experiments re- 
corded in Fig. 1. During the first 10 min. when asphyxia is produced in 


a 
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Fig. 3. Fate of lactic acid formed during asphyxia. Abscissa: time in minutes. Ordinate: 
lactic acid (mg. per g. ventricle). I, open method, 1 c.c. fluid. II, plug method, 0-2 c.c. 
fluid. The curves show (1) total lactic acid formed; (2) total lactic acid excreted; 
(3) lactic acid excreted as lactate. ; 


presence of 1 ¢.c. of fluid, 1 mg. per g. lactic acid is excreted as lactate and 
about 0-5 mg. per g. lactic acid is retained in the ventricle. At this point 
the mechanical response of the ventricle is about 65 p.c. of the normal, 
and therefore it would appear that the frog’s ventricle can neutralize 
about 1-5 mg. per g. lactic acid, and that two-thirds of this acid is 
neutralized by some mobile base. This is, however, the limit of its buffer 
capacity, for any lactic acid that is subsequently produced — into 
the fluid as free acid. 

These results may be compared with those of Furusawa and 
Kerridge [1927], whose figures show that 1-5 mg. lactic acid per g. 


__.. changed the pH of the cat’s heart muscle from 7-5 ta 6-5. Brody [1930] 


found the buffer power of the frog’s heart to be about half that of the 
frog’s skeletal muscle. These results indicate that between 1 and 1-5 mg. 

lactic acid are needed to change the pH of 1 g. frog’s heart muscle from 
pH 7-5 to 6:5. Our results show, moreover, that frog’s ventricle contains 


4 
ty 
z 
f 
a 
‘ 
r=, 
0 
fy. 
¥ 
a 
ay 
a 


272 A. J. CLARK, R. GADDIE, AND C. P. STEWART. 


mobile bases which can neutralize about 1 mg. lactic acid per g., and the 
nature of these mobile bases is of interest. 

The mobile base cannot be ammonia because the authors [1932] found 
that, under anaerobic conditions, the frog’s heart only lost 0-02 mg. per g. 
per hour of nitrogen in the form of ammonia and urea, and this quantity 
would only neutralize 0-13 mg. lactic acid. 

The phosphagen content of the frog’s ventricle is only 0-1 mg. per g. 
(Clark, Eggletonand Eggleton, 1932] and the breakdown of the whole 
of this quanity could only provide sufficient base to neutralize 0-2 mg. 
lactic acid [Fiske and Subbarow, 1927]. 

Sodium and potassium are the two substances most likely to act as a 
mobile base. The frog’s ventricle contains 0-42 mg. per g. of sodium and 


about 2-0 mg. per g. potassium [Krynska and Witanowski, 1931]. 


These quantities could neutralize respectively 2 and 5 mg. of lactic acid. 
It is scarcely possible to demonstrate the loss of a minute quantity of 
sodium from the sponge-like ventricle, when this is perfused with Ringer’s 
fluid. It is interesting to note, however, that Mond and Netter [1932] 
found that, when frog’s skeletal muscle was perfused with unbuffered 
Ringer’s fluid, 0-11 mg. per g. sodium passed out as buffer into the fluid. 
A considerable proportion of the potassium in the frog’s heart can be 
washed out by potassium-free Ringer’s fluid, or even by Ringer’s fluid 
containing less than the normal quantity of potassium (Clark, 1921; 
- Zeehuisen, 1927], but the heart is paralysed by the loss of one-third of 
its potassium content. Ernst and Takacs [1931] found that frog’s legs 
perfused with slightly acid Ringer lost no potassium, but that when 
perfused with more strongly acid Ringer they lost three-quarters of their 
potassium content. 

These results suggest that potassium lactate may pass from the heart 
to the perfusion fluid during asphyxia. An increase of the potassium con- 
tent of Ringer’s fluid from the normal value of 0-1 mg. per c.c. to about 
0-4 mg. per c.c. is sufficient to produce a marked depression of the isolated 
frog’s ventricle [Clark, 1913], and hence there is a possibility that the 
depression observed during asphyxia when small volumes of fluid were 
used, might have been caused in part by an increase in the potassium con- 
tent of the fluid. Experiments were therefore made to determine the 

amount of potassium leaving ventricles asphyxiated in the presence of 
small quantities of fluid. 

_ Kap. Three ventricles were each asphyxiated until the mechanical 
response fell to 30 p.c. of normal, and the process was repeated once. The 
volume of fluid was 0-3 c.c. and the asphyxia lasted from 15 to 20 min. 
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The following concentrations of potassium (mg. per c.c.) were found in 
the perfusion fluid: control 0-096, fluid after first asphyxiation 0-119, 
fluid after second asphyxiation 0-104. The ventricles weighed 0-38 g., 
and the potassium loss in the two asphyxiations was calculated as 0-06 
and 0-02 mg. per g. respectively. The potassium content of two control 
ventricles was 2°20 mg. per g. and that of the asphyxiated ventricles 
2:21 mg. per g. The amount of potassium excreted (0-08 mg. per g.) 
would suffice to neutralize about 0-19 mg. lactic acid. 7 

These results indicate a small excretion of potassium, but the increase 
found in the concentration of potassium in the perfusion fluid is not 
sufficient to have any measurable effect on the mechanical response of the 
ventricle. The process of asphyxia is therefore associated with the ldéss 
from the ventricle of a certain amount of mobile base, part of which is 
potassium. This loss of base cannot be the direct cause of failure of the 
mechanical response, because the chief loss occurs at the commencement 
of asphyxia, and yet a ventricle in contact with a large volume of 
buffered fluid can maintain anaerobic activity until most of its available 
carbohydrate is exhausted. 


EFFECT OF REPEATED ASPHYXIA. 


Nearly all the results recorded hitherto deal with the effect of asphyxia 

in fresh ventricles. When a ventricle is asphyxiated repeatedly the time 
taken for asphyxia to reduce the mechanical response becomes progres- 
sively shorter. This effect is shown in Fig. 4, and Fig. 5 summarizes 
results obtained with a variety of fillings. 

This decrease in the power of ventricles after repeated asphyxia to 
maintain anaerobic activity might be due either to an increased sensi- 
tivity to acidity or to a decreased power to neutralize lacticacid. Measure- 
ments of the pH of the perfusion fluid when asphyxia was repeated several 
times showed that equal reductions in the mechanical response were 
_ associated with equal changes in the pH of the fluid. The decreased power 
to maintain anaerobic activity therefore appears to be due to decreased 
buffer power. 


ASPHYXIA WITH SMALL VOLUMES OF FLUID. , 


Fig. 3 shows that a ventricle in contact with 1 c.c. fluid during the 
first 10 min. asphyxia neutralizes and stores about 1-5 mg. lactic acid 
per g., but is able to maintain a mechanical response about 65 p.c. of the 
normal, A ventricle in contact with a small quantity of fluid (0-2 c.c. or 
less) must contain the same quantity of buffer, and therefore it might be 
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Fig. 4. Effect of repeated asphyxia of frog’s ventricle. Plug method; 0-2 c.c. filling. Fresh 
fluid and air after each anaerobic period. Successive periods of asphyxia required to 
reduce mechanical response 50 p.c.: 7, 44, 3$, 3 min. 
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Fig. 5. Relation between filling and time at which asphyxial depression occurs. Abscissa, 
amount of fluid in c.c. Ordinate, time in minutes. The curves show the time required 
for anaerobiosis to reduce the mechanical response to a half. Open method: Curve I, 
fresh ventricles; Curve II, ventricles after repeated asphyxia. 
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expected that during the first 10 min. asphyxia would produce an equal 
effect on the mechanical response whatever the volume of fluid. Fig. 2 
shows that this is not the case, but that with 0-2 c.c. fluid the mechanical 
response falls to 50 p.c. after 5 min. asphyxia and that nearly complete 
arrest is produced in 10 min., at which time the total lactic acid produc- 
tion is only 0-6 mg. per g. (Fig. 1), of which quantity only about half is 
neutralized. 

The ventricle, when in contact with a-small volume of fluid, is there- 
fore unable to utilize the buffers which is possesses. The results given in 
Fig. 1 and Table I show that a given depression of the mechanical 
response due to asphyxia is associated with an equal concentration of 
free lactic acid and of lactate in the perfusion fluid, whatever be the volume 
of the latter. It would appear, therefore, that only a certain proportion 
of the lactic acid formed is neutralized, and if the volume of fluid is small 
a quantity of free lactic acid escapes, which is sufficient to arrest further 
production of lactic acid before the buffers of the ventricle are exhausted. 
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Fig. 6. Recovery from anoxemia. Open method, 0-5 c.c. fluid. Nitrogen passed at A. 
After 15 min. response reduced (B). Fresh fluid put in (C) and nitrogen continued. 
Temporary recovery and then fall. At (D) air introduced without change of fluid, which 
produced a slow but complete recovery. At (H) fresh fluid and air produced a rapid 

and complete recovery. NaOH (0-02 c.c. of 0-1 N) added to asphyxiated heart at (/). 
_ The pH changed from 6-6 to 8-0 and a temporary recovery followed. Time in min. 


RECOVERY FROM ASPHYXIA. 


It has been shown that asphyxial arrest is probably due to inhibition 
‘ of lactic acid production by the acidity of the fluid in contact with the 
heart, and that this effect is produced by a degree of acidity which is in- 
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sufficient to inhibit aerobic activity. This hypothesis is confirmed by the 
fact that the introduction of air to an asphyxiated heart produces re- 
covery (Fig. 6, D), and a similar effect is produced without the intro- 
duction of air either by adding fresh Ringer free from oxygen (Fig. 6, C), 
or by adding alkali (Fig. 6, F). In none of these cases is the recovery as 
speedy or as complete as it is when fresh fluid and oxygen are added 
simultaneously (Fig. 6, 2). 
Table IT shows that a fluid of pH 6-6 has no rapid action on the ven- 

tricle supplied with oxygen, but yet it delays recovery from asphyxia, and 


that recovery is inhibited by a pH 6-4. A degree of acidity (pH 6-6) which — 


has little obvious effect on a fresh ventricle well supplied with air will 


nevertheless both halve the time required for asphyxia to produce 


_ mechanical depression and increase the time required for aerobic recovery 
from such depression. This provides a clear example of the manner in 
which acidosis: — the effects produced by lack of a 


SUMMARY, 


1, The production of lactic acid appears to be the only important 
source of energy available to the frog’s ventricle in anoxsmia. During 
asphyxia the lactic acid formation and the mechanical response fall to- 
gether. The amounts of lactic acid produced appear to be adequate to 
supply the energy needed for the maintenance of the mechanical responses 
observed, 

2, Accumulation of lactic acid in the ventricle is not the sole cause of 
failure of the mechanical response in asphyxia, since the latter effect 
may occur before there has been any extensive accumulation of lactic 
acid, 

3. Most of the lactic acid excreted by a fresh heart during the first 
10 min. of asphyxia is excreted in neutral form, and hence the acid 
excretion cannot be calculated directly from the reaction of the fluid. 

4. The asphyxial failure of the mechanical response of the ventricle 


appears to be due to the fact that acidity of the perfusion fluid very . 


readily inhibits the production of lactic acid. 

5. A degree of acidity which has little effect on a fresh ventricle 
supplied with oxygen is sufficient to inhibit anaerobic lactic acid produc- 
tion and also to inhibit aerobic recovery from asphyxia. 


The expenses of this research were defrayed by a grant from the Moray Fund of Edin- 
burgh University. 
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A NOTE ON THE RECOVERY HEAT OF FROG’S 
MUSCLE AT HIGH TEMPERATURE. 


By B. SZABUNIEWICZ?, 


(From the Department of Physiology and Biochemistry, 
niversity College, London.) 


(Received June 4, 1934.) 


THE muscles of English frogs (Rana temporaria) cannot withstand a high 
temperature. According to Hill [1912, p. 485] rigor sets in at 35°5° C. in 
40-50 min., at a higher temperature much quicker. Hill, however, has 
found [1934] that the nerves of Hungarian frogs (Rana esculenta) can be 
experimented on at temperatures as high as 37°C. for considerable 
periods, so that it was expected, and it was actually found, that the 
muscles also would withstand high temperature much better. The ex- 
periments to be described were made on the sartorii of Hungarian frogs. 
Owing to the need in such experiments of a rapid supply of oxygen, very 
thin muscles are required in order to allow diffusion to go on as rapidly 
as possible. Unfortunately the Hungarian frogs are very large, so that 
diffusion is necessarily rather slow and complicates the results. The con- 
clusions, therefore, are not as clear as they would have been had thinner 
muscles capable of standing the high temperature been available. 

The muscles were mounted on a thermopile and enclosed in the 
chamber of the thermostat used and described by Feng and Hill [1933] 
and modified to keep a constant temperature between the two outer 


walls, as described by Bugnard [1934]. The muscles were left for 2-3 — 


hours in oxygenated Ringer’s solution in the thermostat. During this 
time the oil in the thermostat and the Ringer’s solution were stirred to 
ensure equalization of temperature. The Ringer’s solution was then 
replaced by oxygen and the chamber was hermetically closed. No 
records were made of the mechanical response. After 20-30 min. stimula- 
tion of the muscle could begin. 
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Tetani of 0-5 sec, duration were applied, the intervals between suc- 
cessive tetani being from 30 to 90 min. After each stimulus the deflection 
of the galvanometer was observed at short intervals and the area of the 
deflection-time curve was calculated. Between the successive tetani the 
“controls” were made by heating the muscle for brief periods with a high _ 
frequency current (about 300,000 cycles), and the deflection of the gal- 
vanometer was observed at short intervals in the same way as in the case 
of the tetani. From the comparison, for a given maximum deflection, of 
the areas of the deflection-time curves for (a) stimulation and (5) heating, 
the relation between the initial and the total heat production of the 
muscle could be calculated. 

In certain cases the absolute amount of heat produced was found by 
calibrated condenser discharges through the muscle, after that had been 
killed by prolonged tetanic stimulation in nitrogen. 

One difficulty of the experiments was the gradual change in the resting 
deflection of the galvanometer. According to Hill [1928a] the resting 
deflection diminishes at first quickly but then more slowly as time goes 
on. Only after some hours does the resting deflection become steady and 
then not for long: soon it begins to increase with the “dying” of the 
muscle, In the present experiments at temperatures between 25 and 
35°C. the higher the temperature of the muscle the faster were the 
changes in the resting deflection. Thus it was very difficult to determine 
exactly the time at which the heat production was finished, and special 
corrections for the changes of “base line” were necessary. 

Owing to the zero unsteadiness rather large amounts of heat had to 
be obtained by stimulation in order to make the corrections relatively 
smaller. The quantity of energy liberated in the tetani was so large that 
for complete recovery there was insufficient oxygen already dissolved in 
the muscle, particularly at the higher temperatures at which the resting 
metabolism is greater and the solubility of oxygen lower. For example, 
the experiments at 30°C. showed that the maximum deflection in a 
tetanus of 0-5 sec. corresponded on the average to about 0-019 calorie set 
free. Since the delayed heat (in a first tetanus during an experiment) 
was slightly greater than the initial heat, approximately 0-04 calorie was 
liberated or 0-18 calorie per gram of muscle. This corresponds to about 
‘0-036 ¢.c. of oxygen per gram which is considerably greater than the 
amount (0-026 c.c.) which would be dissolved in a gram of water sub- 
_ Jected to a uniform partial pressure of one atmosphere of oxygen. As a 
matter of fact not even this amount is available owing to the high ering 
metabolism of the muscle, as the following calculation shows. 
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The critical depth of the oxygen supply at rest may be calculated from the equation 


given by Hill (19286, p. 45): 7 
cm. 


: where y, is the oxygen partial pressure in atmospheres, and a is the rate of oxygen con- 
. sumption in resting muscle. Assuming that at 30° C. the rate of oxygen consumption is 2} 
times that at 20° C. [Hill, 19285, p. 46], it should be about 0-00175 o.c. per g. of muscle 
per minute, and the critical depth at 30° C. should be about 1-6 mm. The maximum thick- 
ness of the muscles used was approximately 1 mm. According to Hill [19286] these quan- 
tities enable us to calculate the total amount of oxygen in the muscle as a percentage of 
that which it would contain had it no resting metabolism. At 30° C. the muscle contained 
approximately two-thirds of the amount of oxygen to be found in a saturated muscle. 
Assuming this to be 0-026 c.c. per g., the amount in the actual muscle at 30° C. would be 
about 0-017 c.c. per g. Thus, if the muscle has at its disposal for recovery only the oxygen 
dissolved in it, about one-half of that required in recovery from a 0-5 sec. tetanus must be 
obtained by diffusion later. 

The delayed heat at 30° C. was generally found to diminish in succes- 

sive contractions. In the first of all it was 0-95-1-50 of the initial heat, 
_ being generally greater than 1. In subsequent contractions it diminished 
although the magnitude of the initial heat remained the same or nearly 
the same. Towards the end of an experiment, when the initial heat had 
begun to diminish and the muscle was failing, the delayed heat might be 
0-6-0-8 of the initial. 
_ At a higher temperature, viz. 34° C., the delayed heat was smaller 
even in the first contraction of all, and was 0-5—0-9 of the initial heat. In 
subsequent contractions it was still smaller but in these the initial heat 
was already diminished as the muscle was apparently not able to with- 
stand the long exposure to a high temperature necessary for these 
experiments. 

Contractions causing as great a liberation of energy as those necessary 
for these experiments may lead to an abnormal type of recovery, e.g. to 
a “side-tracking” of the chemical substances normally involved in 
recovery. The failure of the muscles observed might be due to such cause. 
The fact that the oxygen supply immediately available was insufficient 
for complete recovery, and that the process had to await the arrival of 
oxygen by diffusion might aggravate this possibility. The progressive 
changes involved may be due to such causes. This suggestion is con- 
firmed by the fact that the muscle does not deteriorate so rapidly unless 
it is stimulated and that it deteriorates more rapidly at the higher tem- 
peratures. It also agrees with the fact that in one experiment at 30° C. 
with a pair of exceptionally thin muscles, the delayed heat was con- 
sistently 1-25-1-66 of the initial heat and did not diminish at all during 
the experiment. eG 
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Summary. 


In tetanic contractions of frog’s muscles at a high temperature (30° 
and 34°C.) the relation between the total heat and the initial heat is 
about the same as normally observed at lower temperatures. As the ex- 
periment continues the relation changes, the recovery heat diminishing: 
this may be due to irreversible “side-tracking” of the chemical sub- 
stances released during contraction, a process which may be aggravated 
by the large amount of energy liberated in tetani at a high temperature 
and by the insufficiency of the oxygen dissolved in the muscle, without 
further diffusion, for complete recovery. 


I am much indebted to Prof. A. V. Hill for his suggestion of the work and for helpful 
advice throughout the course of it. 
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DOES VAGUS STIMULATION CAUSE AN INCREASE 
IN THE ACETYLCHOLINE CONTENT 
OF HEART MUSCLE? 


By A. VARTIAINEN?. 


(From the National Institute for Medical Research, 
Hampstead, London, N.W. 3.) 


(Received June 7, 1934.) 


THE recent extension of evidence concerning the chemical transmission 
of the effects of nerve impulses to effector cells gives an added interest to 
the question, whether the chemical transmitters concerned are held ready 
in inactive and protective complexes, and only liberated by the arrival of 
impulses at the nerve endings, or, on the other hand, are produced by a 
synthetic process which the impulses initiate. On general grounds the 
former would appear to be the more probable mechanism. Even in the 
case of peripheral autonomic effects on involuntary muscle and gland 
cells, which are relatively slow in appearance and long in duration, the 
synthesis de novo of a substance like acetylcholine or adrenaline, for the 
transmission of a single impulse, is not easily imagined; and the difficulty 
is increased when, in accordance with recent evidence [Feldberg and 
Gaddum, 1933, 1934], acetylcholine appears as transmitter of the effects 
of individual impulses across a ganglionic synapse, with a delay of not 
more than 20 [cf. Brown, 1934]. Nevertheless, the results of experiments 
hitherto made to decide the question have been regarded as favouring a 
mechanism in which the transmitter is newly formed in response to the 
nerve impulse, rather than one in which it is released from an inactive 
depot. Witanowski [1925] found that a substance of similar action and 
properties to the “vagus substance”’ could be extracted from the normal 
frog’s ventricle with acid alcohol. This observation by itself might have 
seemed to favour the depot theory, especially as the activity thus ex- 
tracted from a heart was very much in excess of that which, if liberated 
into the tissue fluid, would suffice to produce a full vagus effect. Witan- 
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owski, however, found that heart muscle killed and extracted during 
vagus inhibition yielded to extraction a substantially larger proportion— 
from three to six times the amount—of vagus substance, than a control 
sample from the same heart, taken before vagus stimulation. The obser- 
vation recalls the much earlier one recorded by Dixon [1906, 1907], at a 
time long before the true nature of the vagus substance became known, 
in which extracts from the heart of a dog, removed and extracted during 
vagus inhibition, were found to have a more potent muscarine-like action 
- on the exposed heart of a frog than similar extracts made from a heart 
without vagus stimulation. Even more similar to Dixon’s experiments 
were those of Plattner [1926], who removed small successive pieces 
from the exposed ventricles of mammalian hearts, and tested extracts 
made from them with acid alcohol on the isolated frog’s heart. Platt- 
ner again found that the inhibitor activity of such extracts was increased 
from two to six times by vagus inhibition of the donor heart. These 
findings were difficult to interpret, in view of the fact that vagus impulses 
have no direct effect on the rhythm of the mammalian ventricle [Krehl 
and Romberg, 1892; Hering, 1905; Erlanger, 1909], and that even 
vagomimetic substances in large doses cause only a slight direct retarda- 
tion of its rhythm [Cullis and Tribe, 1913; A. 8. Dale, 1930]. Platt- 
ners observations were confirmed, however, by Engelhart [1930]. 
This observer found that the auricle and ventricle of the frog’s heart 
yielded extracts of equal strength in vagus substance per unit of weight, 
and that their activities were similarly enhanced by vagus stimulation. 
In the rabbit’s heart Engelhart, as later Chang and Gaddum [1933], 
found that the ventricle gave a much less active extract than the auricle; 
but he confirmed Plattner’s observations that the activity of the ven- 
tricular extract was increased, like that of the auricle, by vagus inhibi- 
tion, though the extract from an inhibited ventricle was still very much 
less active than one made from the auricles before inhibition. Similar 
increases in activity of the acetylcholine type were observed by Engel- 
hart [1931] in extracts from the ciliary body of the rabbit or the cat on 
stimulating the third cranial nerve, and by Plattner [1932, 1933] in 
extracts from skeletal muscles on stimulating the mixed nerves supplying 
them. 

In a first series of experiments Bezn&k [1932], comparing the yield 
of vagomimetic substances from a resting submaxillary gland of a dog 
with that from the opposite gland taken during stimulation of the chorda 
tympani, observed again an apparent large increase. Henderson and 
Roepke [1932] and Chang and Gaddum [1933] failed to observe such 
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a difference, and new observations by Bezn&k! [1933, 1934] have led 
him to attribute his earlier results to irregularities in the technique of 
extraction and testing, and to conclude that no real increase occurs. 
Plattner [1934] has recently failed to observe any increase in the 
acetylcholine yielded to extraction by the suprarenal gland, on stimu- 
lating the splanchnic nerve, | 

‘The point at issue has a growing importance, and I decided to make 
further experiments of the same general type as those of Witanowski, 
Plattner and Engelhart, above mentioned. There is some reason to 
doubt the accuracy of the isolated frog’s heart, predominantly used in 
the earlier observations, as a quantitative indicator of the true vagus 
transmitter (acetylcholine), in an extract containing other substances 
in possibly varying amounts [cf. Kahlson, 1934], This source of error 
is also fully dealt with by Bezn&k, in the paper above mentioned 
(1934). .Reference may also be made to the early observations of Howell 
and Duke [1908], on the mobilization of potassium ions in the heart 
during vagus inhibition. There can be no question now of a function of 
potassium ions as the essential transmitter of vagus effects; but their 
increase in a heart extract might misleadingly potentiate the effect, on a 
beating heart, of any acetylcholine present. There was further reason to 
doubt the regularity and completeness of the extraction of acetylcholine 
from a tissue by acid alcohol, as used by the earlier observers. I decided 
to try other methods of extraction and other physiological tests, especi- 
ally that on the more sensitive and specifically reacting preparation of 
leech muscle treated with eserine [Minz, 1932]. Since most of the earlier 
evidence, apparently favourable to new formation of the transmitter, was 
. obtained by extracting heart muscle, during or before vagus inhibition, 
I have confined my own observations to this organ, using the hearts of 


frogs and the auricles of rabbits, but varying the —e con- 
ditions. . 


METHODS, 


_ Frog’s (esculenta) heart. In some experiments the heart was left in 
its natural relations, being exposed in the pithed frog by removing the 
sternum, and perfused with Ringer’s solution from a cannula tied into the 
“inferior vena cava, All the other veins bringing blood to the sinus were 
_ + Thave had the opportunity of seeing in proof the paper in which Beznak records his 
latest results and conclusions, This paper also presents results on the heart similar to those 


which I here describe, As my own observations were completed without knowledge of this 


later work of have thought it desirable to record them, 
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-tied off, and the aorte were cut near.the bulbus, to give free exit to the 
perfusion fluid. Both vagi were dissected from the ganglion just outside 
the skull downwards for sufficient lengths to enable both to be laid 
across a pair of wire electrodes. In other cases the heart was isolated and 
fixed on @ Straub cannula, the left vagus only being isolated for stimula- 
tion in these cases. 

In either case the apical half of the ventricle was first removed by a 
clean cut, to furnish the control extract, the remainder of the ventricle 
being similarly removed for extraction during vagus inhibition. 

Rabbit's auricle. The rabbits’ hearts were perfused with warm 
oxygenated Locke’s solution, by the Locke-Langendorff method. Both 
vagi were isolated in the neck and dissected as low as necessary for 
removal with the heart, when this was isolated. In a few experiments the 
heart was left in the body, but perfused with Locke’s solution in the same 
way as those which were isolated. When the heart had been thoroughly 
freed of blood by perfusion, and was beating regularly on the Locke’s 
solution, about one-half of one auricle, or in some cases of both, was 
removed for preparation of the control extract, the cut being made longi- 
tudinally through the apex of the appendix, so as to make the control 
sample as symmetrical as possible with that taken ree se 
vagus inhibition. 

Stimulation. The vagi were stimulated with break induction diced, 
a current of 4 volts in the primary circuit being interrupted by a rotating 
key 4-6 times per sec. In a few experiments on the rabbit’s heart the rate 
was increased to 25-35 per sec. The coil distance was in all cases adjusted 
so as to give a maximal inhibition of the heart. No experiment was 
accepted in which vagal stimulation failed to give such full inhibition. 

Preparation of extracts. For the frog’s heart the usual extracting 
medium used was a 7 p.c. watery solution of trichloroacetic acid. Small 
glass vessels, each containing 1 c.c. of the trichloroacetic acid solution 
were prepared and weighed beforehand. The sample of heart tissue was 
rapidly freed from excess of fluid with filter paper, and then dropped into 
the solution in one of the tared glasses, its weight being determined by 
difference. It was finely minced in the fluid with scissors and then 
allowed to stand for 1-3 hours with occasional stirring. The extract was 
then passed through a small filter of sintered glass into a stoppered 10 c.c. 
graduated cylinder, and the tissue on the filter washed with two succes- 
sive 0-5 c.c. volumes of the trichloroacetic acid solution. On to the com- 
bined extract and washings in the cylinder 6-7 c.c. of dried ether were 
poured, the stopper was inserted and the mixture well shaken. After 
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standing for separation the ether layer was pipetted off, and the extrac- 
tion repeated with two or three further lots of ether, till the watery layer 
was only faintly acid. The watery extract was then completely freed from 
ether by drawing a current of air through it. In each experiment dis- 
tilled water was added to the final extracts, from the control sample and 
from the sample taken during vagus stimulation, so as to bring the 
volume of each to the same simple relation to the weight of moist, living 
_ tissue represented. The pieces of rabbit’s auricle were similarly treated, 
3 c.c. of 10 p.c. trichloroacetic acid being used for each sample, the 
coagulum washed with 1 c.c. of a7 p.c. solution, and the combined extract 
and washings extracted with five to seven portions of ether to remove 
trichloroacetic acid. 

A few experiments were made with extraction by acidulated alcohol, 
as used by Witanowski, Plattner and Engelhart. The fluid con- 
tained 1 c.c. N HCl to 100 c.c. absolute alcohol. The initial procedures of 
weighing and extraction were as before. The alcoholic extract was then 
concentrated by low-temperature distillation in vacuo to about 0-1 c.c., 
most of the acid being thus removed with the alcohol. 1-5-2 c.c. of dis- 
tilled water were added, and the extract was freed from lipoid emulsion 
by shaking with two or three portions of ether. The ether was removed 
and the volumes of corresponding extracts adjusted as before. 

Physiological assay. Strips of the dorsal body wall of the anterior 
parts of leeches were used, suspended in baths containing 2 c.c. of 
-Ringer’s solution of the strength used for frog tissues. The solution was 
aerated with a slow stream of air bubbles. The preparations were left in 
the Ringer’s solution for 4-1 hour after suspension, till fully relaxed, and 
the solution was then replaced with one containing 1 part in 100,000 to 
200,000 of eserine, in which they were left for a further 10-15 min. before 
testing was begun. The extracts to be tested, and the control solutions of 
acetylcholine with which they were compared, were diluted as required 
with Ringer’s solution containing the same proportion of eserine. Each 
solution tested, whether a dilution of heart extract or acetylcholine, was 
always allowed to remain in contact with the leech preparation for 
exactly 3 min., during which the contraction was recorded on a slowly 
moving drum by a frontal lever, which drew a vertical line on a stationary 
surface. At the end of 3 min. the drum was stopped, the test solution was 
washed away with clean Ringer’s solution, and, when relaxation had 
occurred, Ringer’s solution containing eserine at the chosen dilution was 
reapplied for 2-3 min. before the next test was due. The interval between 
two tests, 15-20 min., was kept constant in each experiment. Under such 
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conditions equivalent dilutions of two extracts, or of either with a stan- 
dard acetylcholine solution, could be satisfactorily determined by finding 
those which produced equal rates of contraction of the leech muscle, as 
shown by parallel slopes of the tracings. A sample of such comparative 
records is reproduced in Fig. 1, which shows the comparison of extracts 
_ from pieces of a rabbit’s auricle taken before stimulation (B.s.) and during 
effective stimulation of the vagus (p.s.). The dilutions of these, prepared 
with eserinized Ringer’s solution, are expressed in the legend as parts of 
original extract in 100 of final volume. The stock solution of acety]- 
choline, used for comparison, contained 1 in 5x 10* of that substance, 
and the dilutions used are also recorded as parts of this stock solution in 


Fig. 1. Leech preparation. Eserine added at (1). Tested with the following dilutions (cf. 
text): (2) 3:100 a.o.; (3) 2:100 B.s.; (4) 2:100 p.s.; (5) 2:100 B.s.; (6) 3:100 p.s.; 
(7) 2:100 (8) 2:100 a.c.; (9) 2: 100 B.s.; (10) 1-4: 100 a.c.; (11) 2:100 


100 of final volume. In the case illustrated an approximate equivalence 
is found between 2:100 B.s., 3:100 D.s., and about 1-6:100 a.c. (between 
1-4 and 2, and rather nearer the former than the latter). 

In a few experiments tests were also carried out on the isolated frog’s 
heart, as by Witanowski, Plattner and Engelhart. These showed no 
discrepancy with those obtained with the same extracts on the leech 
preparation. It was not found possible, however, to establish the 
equivalence of dilutions with the same accuracy, and these determina- 
tions on the frog’s heart are not included in the record. 


RESULTS. 


1. Frog’s ventricle. The figures for the acetylcholine equivalents in 
the extracts made from samples of frog’s ventricle, before and during 
vagus inhibition, are assembled in Table I. In the control experiments, 
perfusion of the heart, or its suspension on the Straub’s cannula, in 
either case without stimulation of the vagi, was continued after removal 
of the first sample, for periods comparable to those for which vagus 
inhibition was maintained in the main experiments, before the second 
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Tasiz I. Extracts from frog’s ventricle. 


Acetylcholine Duration in min. 
y per g. frog’s of stimulation 
cle or perfusion, 
Before During mov: 
in- Variation Type of second 
hibition hibition _p.c. sample Type of extraction 
41 2-9 ~ 29 In situ 7 Trichloroacetic acid 
3-6 — 35 6 ” 
3°8 3°5 8 ” 6 ” 
6-9 44 36 ” 40 ” ” 
6-1 5:4 ~12 15 
6°5 46 — 29 re 30 Acid alcohol 
8-7 8-1 - 7 Isolated 5 Tri 
5-8 4-7 -19 15 
5-5 4-6 - 16 10 
4-0 3-6 -10 a 10 Acid alcohol 
4 1 3 2 22 15 
Control experiments. 
sample sample | 
3-2 2-6 -19 In situ’ 20 Trichloroacetic acid 
5-6 4:8 —14 Isolated 10 
2-0 1-7 30 Acid alcohol 


sample was taken. The figures are given in y of acetylcholine per g. of 
living tissue. It will be seen that in no case was an increase in the 
acetylcholine equivalent recorded, but that a small decrease was always 
observed during the period of vagus inhibition, or during the comparable 
period of perfusion without inhibition. The average of the observed 
percentage decreases during inhibition is 21-5, while that in the control 


experiments is 16. Of the latter, however, only three were made, and it — 


will be seen that several of the inhibition experiments showed a lower 
percentage decrease than any of these controls. No significance, there- 
fore, can be attributed to the slightly greater average loss shown by the 
inhibited hearts. 

2. Rabbit's auricle. The results are similarly summarized in Table IT. 
It will be seen that they are much more irregular than those on the frog’s 
ventricle. In some experiments the second sample shows a substantially 
higher content of. acetylcholine than the first sample from the same 
auricle. The greatest of these positive differences (100 p.c.), however, is 
_ seen in one of the control experiments. It may be noted that this figure, 
and also the largest positive difference observed in the inhibition series, 
were obtained in the two experiments in which acid alcohol was used as 
the extracting medium; and, further, that in these two experiments the 
difference was observed on a lower absolute acetylcholine yield, the 
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II. Extracts from rabbit's auricle. 


values for the richer second samples being less than all but the lowest 
shown in the extractions with trichloroacetic acid, and much below the 
average of these. | 

Taking the results as they stand, and without distinction of method, 
it will be seen that four out of the nine experiments on the right auricle 
with vagus inhibition show apparent increases of acetylcholine, to an 
average extent of 37-5 p.c.; three others show decreases, to an average 
extent of 35 p.c.; while the remaining two show no change. Of the three 
controls, two show an average 75 p.c. increase, against one with a 25 p.c. 


’ decrease. It seems clear that irregularities of sampling in the tissue of 


the rabbit’s auricle would make it impossible to detect any increase or 
decrease of the total acetylcholine content as the result of vagus inhibi- 


tion, unless the difference were very large. The same applies to the results 


obtained in the smaller series on the left auricle. 

It may be noted that in two of the experiments samples were taken 
from the left ventricle, after the two samples from the auricle had been 
taken and the main experiments thus completed. The figures for the 
acetylcholine contents of the ventricular samples are not given in the 
table. They were 0-11 and 0-3ly per g., the values for the first right 
auricular samples from the same hearts being 2-3 and 3-0y. The acety!- 
choline contents of these samples of ventricle were, accordingly, only 
about 5 and 10 p.c. respectively of those of the corresponding right 
auricles, In this respect my findings agree with those of —" 
[1930] and of pei and Gaddum [1933]. | 


f Acetylcholine Duration 
rabbit’ per g. tabbit’s 
| 's ‘ 
auricle left auricle 
fusi ore 

Before During Before During removal of 
in- in- Variation  in- in- Variation Type of second 

hibition hibition _p.c. hibition hibition _p.c. preparation sample Type of extraction 
2-3 2-6 + 13 : : In situ 5 Trichloroacetic acid 
30 4-0 + 33 2-6 2-3 -12 5 
41 3-3 — 20 Langend orft 5 
29 19 — 34 ” 6 ” ” 

20 2-0 0 15 15 0 6 
31 4-1 + 33 ¢ : ” 6 ” ” 
27 13 — 52 1-2 1-1 - 8 10 és 
146 16 0 . ” 15 
7 12 Tl. 06 0-6 0 15 Acid alcohol 

1st 2nd 

sample sample se 
20 15 — 25 ‘ Langendorff 15 Trichloroacetic acid 
30 45 + 50 20 ” 
14 +100 O07 09 +29 20 Acid alcohol 
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Discussion. 
It will be clear that there is nothing in my results to confirm the 


crease, caused by vagus inhibition, in the amount of acetylcholine obtain- 
able by artificial extraction from the heart of the frog or the mammal. 
In the case of the frog’s heart I never observed an increase, but only such 
a small percentage decrease as was also found in hearts subjected to 
similar periods of perfusion or isolation without vagus stimulation. In 
the case of the rabbit’s auricle the apparent increases observed in a 
minority of the experiments are shown by the controls to be due to errors 
of sampling, and are, in any case, far less than those described by the 
- earlier workers. Increases such as they observed, by 100-500 p.c., would 
have been mostly outside even the large sampling error of my experi- 
ments on the rabbit’s auricle. 

My results are in accordance with the more recent ones of Bezn4ék 
[1934], but the difference between our findings and those of the earlier 
observers is not easy to explain. As contributory factors may be men- 
tioned the more complete and regular extraction of acetylcholine by 
trichloroacetic acid solution than by acid alcohol, and the greater 
sensitiveness and specificity of the leech preparation than the frog’s 
heart as a test object, and possibly its smaller liability to complication 
of its reaction by other substances in the extract. It does not seem at all 
probable, however, that the difference between the two sets of observa- 
tions can be wholly explained on these lines. It is to be noted that 
Plattner [1926] recorded an increase of the choline in the heart extracts, 
as the result of vagus stimulation, in the same proportion as that 
of acetylcholine. If this were to be accepted as truly representing an 
immediate effect of the nerve impulses, the processes involved in the 
mechanism of their transmission to the effector cells would have to be 
regarded as even more complicated. 

It must be borne in mind that we know nothing of the condition in 
which the acetylcholine, extracted from the heart muscle by either of the 
methods used, is held in the living tissue. It cannot be free in the tissue 
fluids ; if it were, the heart would be in a condition of complete inhibition, 
apart from any vagus impulses. It must presumably be held in some kind 
of complex which prevents it from acting and protects it from destruction, 
and from this complex the process of extraction must liberate it. We have 
no evidence as to the completeness of that liberation. It would, indeed, 
be conceivable that vagus impulses, in addition to liberating some acety]- 


observations of Witanowski, Plattner or Engelhart, of a large in- | 


I 
I 


ark > 
AP. 
wi 
‘ 
<4 
& 
Ps pe 
water 
P 
1 
x 
on 
= 
= 
iat 
fe 
24 
4 
¥ 


ACETYLCHOLINE AND THE CARDIAC VAGUS. 291 


choline to transmit their effects, might so affect a larger proportion of the 


complex as to enable it more readily to be dissociated by the extracting 
medium and thus to yield more acetylcholine to the extract. Such an 
alternative is admitted as possible by Witanowski. Only along such 
lines, indeed, would it be possible, in my opinion, to explain the observa- 
tions of Witanowski, Plattner and Engelhart; the quantities of 
additional acetylcholine recognized by them in their vagus-inhibition 
extracts being greatly in excess of what would be required to produce the 
inhibition, even with artificial application. Since, however, my own 
observations fail to confirm theirs as to the occurrence of the apparent 
increase, there is no need to discuss its significance further. On the alter- 
native theory, that the effect of a vagus impulse is only to liberate a small 
amount of the acetylcholine already present, so that it produces its effect 
and is presumably destroyed in the process, the difference to be expected 
as the result of vagus stimulation would be decrease rather than increase; 
but the quantity which would have to be liberated to produce the physio- 
logical effect would be so small, in relation to the total amount obtainable 
by extraction, that the available methods would not be accurate enough 
for its detection. It is obvious, however, that the store must eventually 
be replenished by synthesis, possibly by an enzymatic process such as 
that described by Abderhalden and Paffrath [1925], and more 
recently by Ammon and Kwiatkowski [1934]. There is nothing to 
exclude the possibility that, during prolonged vagus stimulation, this 
replacement by synthesis might be accelerated, to meet an accelerated 
disappearance from the pre-existing store. This, however, is a conception 
radically different from that of a new synthesis of acetylcholine for the 
immediate transmission of nerve impulses. 


SuMMARY. 


When extracts are made with trichloroacetic acid, and their activity 
tested on the leech-muscle preparation, no evidence is obtained of any 
increase in the amount of acetylcholine, or of any similarly acting sub- 
stance, extracted from the frog’s heart or the rabbit’s auricle, as the 
result of vagus inhibition. | : 


I desire to acknowledge my indebtedness to the Medical Research Council for the 
opportunity of carrying out this work at the National Institute for Medical Research, and 
to Sir Henry Dale for help, advice and criticism. 
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THE HUMORAL CONTROL OF THE SECRETION 
BY THE SUBMAXILLARY GLAND OF THE CAT 
FOLLOWING SYMPATHETIC STIMULATION. 


By J.SECKER. 


(From the Physiological Department, University of Durham 
College of Medicine, N ewcastle-upon-T'yne.) | 


(Recewed June 14, 1934.) 


In an earlier publication [Secker, 1934] I recorded evidence in support | 


of the theory that excitement in the chorda-tympani nerve is transmitted 
by a “cholinergic” substance [Dale, 1933] to the cells of the submaxillary 
gland of the cat, and that the transmitting substance escapes in the 
secretion. The evidence seems to be conclusive that, in the case of the 
parasympathetic control of the gland, a “cholinergic” substance liberated 
either in the gland itself or elsewhere [Babkin, Alley and Stavraky, 
1932] is capable of exciting secretion. 

It has long been known that stimulation of the cervical sympathetic 
nerve in the cat produces a flow of saliva from the submaxillary gland. 
A similar secretion can be evoked from the denervated gland by the ad- 
ministration of adrenaline, the dose of adrenaline required being in excess 
of that required to raise the arterial blood-pressure [Langley, 1901]. 

Florovsky [1917] used the rate of flow of saliva from the denervated 
gland as a measure of the production of adrenaline by the suprarenal 
glands under different conditions of stimulation. Cannon and Bacq 
[1931] obtained secretion of saliva by the denervated gland on stimula- 
tion of the sympathetics to the tail, the suprarenals being denervated 
and the suprarenal veins tied. They ascribed the secretion to a chemical 
agent “‘sympathin” liberated by the smooth muscle on sympathetic 
excitation. During the course of one of the experiments reported pre- 
viously, secretion of saliva was excited by the administration of adrenal- 
ine. The resulting saliva was injected intravenously into the cat, and the 
response was of the ‘‘cholinergic” type obtained in response to “‘chorda” 


saliva, and not as anticipated of “adrenergic” type. It therefore seemed 
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that sympathetic transmission to the submaxillary gland was not the 
simple direct excitement of the gland by an “adrenergic” substance 
[Dale, 1933], and the present study was planned to test the nature of the 
transmitting mechanism. 

METHOD. 


Twenty cats were used in the investigation. In sixteen of the experi- 
ments the cats were anesthetized with sodium diethylbarbiturate, 


0-4 g./kg., as in the previous experiments, but without preliminary in- | 


duction by ether. Complete anesthesia was attained in | hour. In the 
remaining four experiments ether anesthesia was used in order to observe 
the effects, if any, of the type of anwsthetic. The experimental method 
was similar to that reported in the previous paper [Secker, 1934], except 
that in addition to cutting the chorda-lingual nerve to the gland under 
observation, the cervical sympathetic trunk was also divided and enclosed 
in shielded electrodes for stimulation of its peripheral end by faradization. 

The flow of saliva from the cannula in Wharton’s duct was recorded by 
a Condon’s drop recorder. . 

In all experiments on the secretion in response to adrenaline 0-15 mg. 
was the dose of adrenaline given. 

In the experiments on the effects of saliva on the blood-pressure the 
saliva secreted in response to a particular stimulus was diluted with 
0.9 p.c. NaCl solution, 0-5 c.c. of saliva being made up to 3 c.c. before 

Injection and this was the dose usually given. In a few cases the amount 
given was 0-25 c.c. saliva after the same degree of dilution. 

Various drugs were used to block the different parts of the nerve path. 
These substances were given by intravenous injection, and the amounts 
administered are recorded in the appropriate sections of the paper. 


RESULTS. 
(i) Stimulation of the cervical sympathetic trunk. 

(a) Faradization of the nerve in some experiments resulted in no 
secretion, in others the saliva flowed slowly along the capillary cannula 
during the early part of the period of stimulation and then ceased to flow. 
In a third group it was possible to obtain two or three drops of saliva on 
prolonged stimulation of the nerve. 

(b) Intravenous injection of saliva obtained by stimulation of the cervical 
sympathetic nerve gave rise to effects upon the vascular mechanism which 
are strikingly similar to those following intravenous injection of acety!- 
choline or af the saliva resulting from stimulation of the chorda-tympani 
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nerve. Fig. 1 is typical of the effect on the vascular mechanism of in- 


jecting 0-5 c.c. saliva. The tracing shows an early evanescent pressor effect 
followed by a marked depression of the blood-pressure, then a gradual 
return to the previous level. 

The resemblance of the active substance in the saliva to acetylcholine 


was confirmed by its inactivation on alkaline hydrolysis and by the 


abolition of the depressor effect after atropine [Dale, 1914]. 
(c) The influence of eserine on the secretory response. The paucity of 
the secretion resulting from stimulation of the nerve and the presence of 


Fig. 1. The effect of intravenous injection of 0-5 ¢.c. autogenous saliva at A. Saliva ob- 
tained by stimulation of the cervical sympathetic nerve. Blood-pressure in mm. Hg. 
Time in this and subsequent records in 2 sec. intervals. 


a “cholinergic” substance in the saliva secreted was suggestive of “‘cho- 
linergic” transmission. To test this possibility the action of eserine as an 
indicator of this type of activity was employed. Fifteen minutes after 
the administration of eserine salicylate (0-3 mg./kg.), stimulation of the 
cervical sympathetic nerve resulted in a steady flow of saliva, which 
ceased within 1 min. of cessation of the stimulus. Fig. 2 shows the result. 


in one experiment where stimulation of the nerve was ineffective before  __ 


eserine was given. 

(2) Stimulation of the cervical sympathetic trunk after atropine. The 
“cholinergic” nature of the transmitter of sympathetic activity to the 
submaxillary gland is shown by the failure of the response to nerve 
stimulation after treating the animal with atropine sulphate (20 mg./kg.). 
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Fig. 2. Salivary flow 8 following stimulation of the cervical sympathetic nerve during the 


giving ergotoxine. 


Fig. 3. Effect of atropine on salivary flow 8 resulting from stimulation of the cervical 
sympathetic nerve A—B in a cat previously treated with eserine. 1, before atropine; 
2, after atropine. 


period A—B in a cat. 1, before giving eserine; 2, after eserine had been given; 3, after 
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Fig. 3 shows the cessation after atropine, of the response to nerve stimula- 
tion in an animal previously treated with eserine. 

This result is contrary to the statement commonly found in text-books 
of pharmacology. Dixon [1925] states that atropine paralyses the 
chorda tympani, but that sympathetic excitation still gives rise to secre- 
tion. The result is, however, in agreement with the finding of Langley 
[1878] who states: “In the cat, however, atropine readily paralyses the 
sympathetic secretion as well as that of the chorda.”’ 

(e) The influence of ergotoxine. The secretory activity of the cervical 
sympathetic nerve is also abolished by ergotoxine. The failure of the 
secretory response occurs as readily in animals previously sensitized by 
eserine as in unsensitized animals. Fig. 2 shows the abolition of the secre- 
tory response after giving ergotoxine ee (1 mg./kg.) to an 
animal sensitized by eserine. 


(ii) Stimulation by adrenaline. | 

(a) The amount of secretion. It is commonly stated that a copious 
flow of saliva follows the administration of adrenaline; the results ob-' 
tained in these experiments do not support this statement. As in the 
response to stimulation of the cervical sympathetic nerve, the cats used 
varied considerably in the secretory activity following intravenous in- 
jection of 0-15 mg. adrenaline. While all the animals gave a response, it. 
varied from one drop of saliva in some cases to a maximum of six drops 
in others. The extent of response in any one animal is constant, and the 
salivary flow ceases with the return of the ve to pre-injection 
level. 

(b) Intravenous injection of “adrenaline” saliva gave sselte similar to 
those obtained with “nerve” saliva. Fig. 4 is a tracing showing the effect 
on the arterial blood-pressure of injecting 0-5 c.c. “adrenaline” saliva. 

The “cholinergic” nature of the active substance in the saliva was 
confirmed by hydrolysis on boiling with dilute alkali and also by the 
abolition of the depressor effect after atropine had been given. Fig. 5 
shows the results of these tests on “adrenaline”’ saliva. 

(c) The influence of eserine on the response to adrenaline was as striking 
in these experiments as in the corresponding tests on secretion in response 
to nerve stimulation. Fig. 6 shows records of the secretion in response to 
the standard dose of 0-15 mg. adrenaline before and after treatment of the 
animal with eserine; the complete secretory response is shown in each case. 

(d) The effect of atropine on the response to adrenaline was that the 
blood-pressure response was similar to that after vagotomy, but there 
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was no secretion of saliva, whether eserine was given or not. Fig. 7 shows 
the failure of adrenaline to cause secretion after atropine. 

(e) Ergotoxine ethansulphonate was completely effective in paralysing 
both the vascular and secretory responses to adrenaline (Fig. 6). The 
fact that secretion by the submaxillary gland in response to sympathetic 
stimulation, either by direct faradization of the cervical sympathetic 


Fig. 4. Fig. 5. 

Fig. 4. Intravenous injection at A of 0-5 c.c. saliva (diluted) resulting 
from adrenaline stimulation. 

Fig. 5. 1, effect of injection at A of 0-5 c.c. “adrenaline” saliva after hydrolysis; at B 
2 c.c. 0-9 p.c. NaCl solution were given. 2, injection at A of 0-5 c.c. “adrenaline” 
saliva; the animal had been treated with atropine. At B 2 c.c. 0-9 p.c. NaCl solution 
were given. 

trunk or administration of adrenaline, is inhibited by drugs which are ~ 

believed to have dissimilar actions necessitated the confirmation of the 

finding of Dale [1914], 7.e. that ergotoxine in doses sufficient to abolish 
the secretomotor effects of adrenine leaves the action of the choline de- 
rivatives hardly, if at all, affected. It was possible that under the condi- 
tions of the experiments described above (anesthetic used and particular 
sample of ergotoxine), that the ergotoxine was acting in a manner similar 
to atropine and producing paralysis at the neuro-glandular interface by 
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Fig. 6. Salivary flow 8 following administration at A of 1-5 mg. adrenaline. At B 2 c.c. 
0-9 p.c. NaCl solution were given. 1, before eserine; 2, after eserine; 3, after ergotoxine. 


Fig. 7. Effect of atropine on salivary flow 9 following 1:5 mg. adrenaline at A and NaCl 
solution at B. The cat had been treated with eserine. 1, before atropine; 2, after 
atropine. 
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preventing the activity of the “cholinergic” substance liberated in re- 
sponse to the stimulus. To test this possibility one cat was given acety]- 
choline intravenously before and after paralysis of the sympathetics by 
ergotoxine. In this experiment the paralysis was sufficient to render 
0-15 mg. adrenaline ineffective on both the vascular and secretory 
mechanisms. There was, however, no interference with the secretory re- 
sponse to acetylcholine. The secretory mechanism also retained its re- 
sponsiveness, but to a diminished extent, to stimulation by pilocarpine 
nitrate. 


Fig. 8. Effect of nicotine on the salivary flow 8. At A 1-5 mg. adrenaline were given followed 
at B by 0-9 p.c. NaCl solution. 1, before nicotine was given; 2, after giving nicotine. 


(iii) The action of nicotine on the excitor paths of the submaaillary gland. 


In all experiments of the present series it was easier to evoke secretion | 


in response to adrenaline than to direct stimulation of the preganglionic 
nerve fibres. This was found to be true both before and after administra- 
tion of éserine. In an attempt to discover the reason for this difference in 
responsiveness, it was decided to find what effect nicotine had on the flow 
of saliva resulting from injection of adrenaline. The intravenous injection 
of 1 c.c. of nicotine, 0-5 p.c., solution resulted in a profuse, but brief, 
secretion of saliva. When the salivary flow in response to the nicotine 
stimulation had ceased, stimulation of either chorda-lingual or the cer- 
vical sympathetic nerve was ineffective for the production of a flow of 
saliva in cats previously treated with eserine. The intravenous injection 
of adrenaline was still an effective stimulus, but the secretion was mark- 
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edly less than that obtained in response to the same dose of adrenaline 
before nicotine had been given (Fig. 8). 

The saliva secreted in response to adrenaline after paralysis of the 
ganglia with nicotine was still effective in producing the typical “cho- 
linergic” effect on the blood-pressure. 


DISCUSSION. 


The results recorded above show that the saliva secreted by the sub- 
maxillary gland of the cat on excitation through the nerve supply which 
it obtains from the cervical sympathetic nerve or by injection of adrenal- 


ine, contains a “‘cholinergic” substance. The resemblance of the active 


substance to acetylcholine is demonstrated by its effects on the blood- 
pressure of the cat and its failure to produce depression of the blood- 
pressure after boiling with dilute alkali or after giving atropine. 

The possibility that this substance was liberated at the terminals of 
the chorda tympani in the gland as a result of reflex or central excitation 
need not be considered, since in all experiments the chorda-lingual nerve 
was cut before any stimulus was applied to the gland. If we accept the 
evidence submitted in the earlier publication [Secker, 1934], that the 
excitation of the parasympathetic endings in the gland, resulting from 
stimulation of the chorda-tympani nerve or from injected pilocarpine, is 
transmitted to the secretory cells by a ‘‘cholinergic” substance which is 
at least partially dissipated by excretion in the saliva, it would appear 
that a similar interpretation must be accepted for the transmission of 
excitement in the cervical sympathetic nerve. 

That the mode of transmission is “ humora]”’ is clear from an examina- 
tion of Fig. 2, which shows the increase in the response to stimulation of 
the cervical sympathetic nerve after eserine has been given. Eserine, as 
shown by Matthes [1930], is capable of destroying the esterase which 
normally terminates the action of acetylcholine. Further, the fact, as 
stated by Langley, that atropine abolishes the secretory response to 
stimulation of the sympathetics is accounted for by the “cholinergic” 
nature of the sialagogue. 

These facts, as demonstrated here, do not at first appear to support the 
view of Cannon and Bacq that sympathin is liberated at the terminals 
of the sympathetic nerves. Bacq [1933] has demonstrated the presence 
of sympathin in the aqueous humour of the eye after stimulation of the 
cervical sympathetic nerve, whereas in these experiments we are obtain- 
ing @ response to stimulation of the same nerve which seems from its 
accentuation by eserine and its inhibition by atropine to be due, not to 
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sympathin, but to a “cholinergic” substance. The possibility that we 
are dealing with a condition resembling the nerve supply to the sweat 
glands has to be considered. The nerves to the sweat glands are 
anatomically sympathetic but pharmacologically parasympathetic, as 
shown by the feeble response to adrenaline and the copious secretion 
which follows the administration of pilocarpine. It is conceivable that we 
have parasympathetic fibres running in a sympathetic nerve. Such a 
condition has been shown by Euler and Gaddum [1931] to be present in 
the very nerve we are considering. These fibres have been designated by 
Dale [1934] “cholinergic sympathetic fibres.” I think that such an inter- 
pretation would be incorrect in the light of the action of ergotoxine which 
abolishes the secretion which follows the stimulation of the nerve but 
leaves the gland still responsive to parasympathetic stimulation. In the 
example given by Euler and Gaddum ergotoxine was ineffective in 
prevention of the response which they were studying. 

Further evidence against this view is afforded by a study of the results 
following injection of adrenaline. The facts (i) that the saliva secreted in 
~ response to adrenaline contains a “cholinergic” substance, (ii) that the 
poor response to adrenaline is greatly improved by the protection given 
by eserine, and (iii) the abolition of the secretory response to adrenaline 
after giving atropine, all appear to support the view that a “‘cholinergic” 
substance is being liberated at the terminals of true sympathetic fibres. 
There is no evidence available to support the belief that adrenaline is 
capable of stimulating parasympathetic activity, and further, the 
paralysis by ergotoxine of the action of adrenaline as a sialagogue seems 
to demand the interpretation of the activity as being sympathetic in 
nature. It does not seem possible to localize the site of liberation of the 
active substance, and the attempt is further complicated by the results — 
obtained in the experiments on the secretory response to adrenaline after 
paralysis of the ganglia by nicotine. Since secretion no longer occurs on 
stimulation of the nerve it seems logical to conclude that the path of the 
nerve impulse to the site of liberation of the activating substance is 
blocked. If nicotine acts where it is generally presumed to act, é.e. on the 
ganglion cells, then since adrenaline still produces secretion, the site of 
liberation of the active substance must be distal to the ganglion. But the 
response to adrenaline is markedly diminished by nicotine. This might 
mean one of two things: (i) that adrenaline acts on the nerve terminals 
and not on the neuromuscular or neuroglandular junction, as suggested 
by Elliott [1905), and that nicotine had paralysed some but not all of the 
postganglionic fibres; or (ii) that adrenaline is capable of exciting ganglion 
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cells and that the response obtained in non-nicotinized animals is the 
sum of the peripheral action of the adrenaline and of the ganglionic 
stimulation. 

That the former possibility is true seems improbable, since the degree 
of curtailment of secretion in response to adrenaline after nicotine was 
very constant in different animals and also, while it is well known that 
large doses of nicotine paralyse somatic motor nerve endings, the evidence 
available suggests that, excepting in massive doses, the terminals of 
autonomic nerve fibres are not affected [Langley, 1921]. 

The latter possibility is interesting in the light of the researches of 
Feldberg and Gaddum [1933]. These workers have been able to demon- 
strate the presence of acetylcholine in the perfusate from the superior 
cervical ganglion on stimulation of the preganglionic nerve after ad- 
ministering eserine. Feldberg, Minz and Tsudzimura [1933] have 
also been able to demonstrate the action of this substance as the trans- 
mitter affecting the medullary cells of the suprarenals and exciting the 
secretion of adrenaline. | 

It is possible that adrenaline is capable of exciting the preganglionic 
fibres at the ganglionic synapses or the ganglion cells themselves, but 
it would seem, from these results, that the neuro-muscular or neuro- 
glandular junction is not the only site of action of adrenaline. 


CONCLUSIONS. 


Consideration of the findings given here must lead to the conclusion 
that sympathetic excitation of the submaxillary gland in the cat, whether 
as the result of nerve stimulation or of adrenaline injection, is transmitted 
by a “cholinergic” substance. The inhibition of the action by ergotoxine 
while the gland is still sensitive to parasympathetic stimulation or to 
acetylcholine, suggests the interpretation that the drug has prevented the 
liberation of the exciting substance. Since the sialagogue action of ad- 
renaline, and presumably also of the sympathin of Cannon and Bacq, 
appears to be amenable to the same experimental control as the effects of 
nerve stimulation, it is justifiable to conclude that sympathetic nervous 
- energy results in the liberation of an “adrenergic” substance, which is 
capable at certain sites of causing the liberation of a “cholinergic” sub- 
stance, The fibres in the cervical sympathetic nerve which excite salivary 
secretion are true sympathetic fibres and, since their action is inhibited 
by ergotoxin, they do not belong to the group called by Dale “cholinergic 
sympathetic fibres.” 
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SuMMARY. 


1. Saliva secreted in response to stimulation of the cervical sym- 
pathetic nerve or to’injected adrenaline contains a “cholinergic” sub- 
stance. 

2. The rate of secretion to either stimulus is enhanced by eserine. 

3. Atropine abolished the secretory activity. Ergotoxine also com- 
pletely abolishes the response to sympathetic excitation, but the gland 
retains its responsiveness to parasympathetic stimulation and to acetyl- 
choline. 

4. The response to nerve stimulation is abolished by nicotine, while 
adrenaline continues to cause secretion but to a diminished extent. 


I wish to express my thanks to Prof. Burns for his interest during the progress of this 
work. I have also to acknowledge, with thanks, that the expenses of this work were de- 
frayed by a grant to Prof. Burns from the Medical Research Council. 
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A STUDY OF CHEMICAL CHANGES ASSOCIATED 
WITH MUSCULAR CONTRACTION IN NORMAL 
AND ADRENALECTOMIZED ANIMALS. 
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(From the National Institute of Medical Research, Hampstead, N.W. 3.) 
(Received June 16, 1934.) 


THE cause of the myasthenia which is one of the chief symptoms of 
Addison’s disease and of experimental adrenal insufficiency has been the 
subject of some recent investigations. Evidence has been advanced that 
in adrenalectomized animals the muscular contraction is accompanied by 
. n unusually low lactic acid production [Arvay and Lengyel, 1931]. It 
has been suggested [Buell e¢ al., 1932; Csik and Ludany, 1933] that a 
decrease in lactic acid production would result in an impaired resyn- 
thesis of phosphagen—the breakdown of which is supposed to be directly 
connected with the supply of energy for the contraction. Furthermore, a 
decrease in phosphagen breakdown would imply a derangement of the 
recovery mechanism; a conclusion which is supported by the results of 
Csik and Ludany [1933], who in a study of the isotonic twitch of 
muscles from adrenalectomized frogs found the relaxation to be sluggish. 
That phosphagen resynthesis is indeed impaired is shown by the experi- 
ments of Lang [1931] and Ochoa and Grande [1932]. Working with 
resting mammalian muscle they found a lowered phosphagen after 
adrenalectomy. A definite decrease has also been noticed by ourselves. 

The cause of the decreased lactic acid production was believed by one 
of us [Ochoa, 1932] to be related with the decrease in the muscle gly- 
cogen which has been stated by several authors to occur after adrenal- 
ectomy. Later, however, it was claimed by Viale [1933] that the process 
of autolytic glycogenolysis is strongly impaired in muscles taken from 
dogs dying in a condition of adrenal insufficiency, a fact which was also 
observed by Buell et al. [1932] in connection with the autolytic produc- 
tion of lactic acid in muscles from adrenalectomized cats. This latter 
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observation would suggest that adrenalectomy causes a derangement of 
the enzymic mechanism concerned with the formation of lactic acid in 
muscle, and in the present series of experiments we have investigated this 
possibility in detail. 

A study of the problem as to whether the diminished capacity for the 
performance of muscular work shown by adrenalectomized animals is 
associated with disturbances of the anaerobic chemical changes, which 
are more directly concerned with the supply of energy for the muscular 
contraction, is best carried out on isolated muscles, where an accurate 
comparison can be made of the isometric tension developed in a series of 
twitches and the associated chemical changes. This has been done by one 
of us [Ochoa, 1932] in frogs. The results obtained showed that, whereas 
in some cases, using winter frogs, the lactic acid formation may be 
strongly reduced, with summer frogs it was the extent of the phosphagen 
breakdown which was affected, being decreased in comparison with the 
developed tension. Glycogen estimations were not carried out, but since 
the muscle glycogen content of winter frogs is known to be low, the 
muscles presumably had but poor glycogen reserves to draw upon. This 
would mean that, under conditions where the glycogen content would not 
‘be much decreased, the main derangement responsible for the decreased 
performance of work by the muscles after adrenalectomy should be 
sought in the abnormal behaviour of the phosphagen. 

It was clearly desirable to extend this investigation to the mammalian 
muscle, as in mammals one may be sure of dealing with adrenal in- 
sufficiency uncomplicated by other factors. It was also desirable to secure 
values for the glycogen content and to follow the changes in lactic acid 
and in the P fractions, not only during the actual period of work but also 
during a period of resting anaerobiosis. No similar study had been made 
on mammalian muscle, excepting the experiments of Meyerhof [1921], 
carried out at a time when the organic phosphorus compounds of muscle, 
to which so much importance is attached to-day in muscular contraction, 
were unknown, 

METHODs. 

Adult cats were adrenalectomized in two stages by the lumbar route. 
Usually 7-10 days elapsed between the first and the second operation. 

Although we chiefly relied on clinical indications of insufficiency, we 
have, on many occasions, checked these by determinations of blood urea, 
relative corpuscular volume and non-protein nitrogen, “All animals were 
carefully autopsied to ensure complete operative removal absence of 
accessory tissue. The clinical picture of experimental adrenal insufficiency 
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is a well-defined phenomenon and has been frequently described by other 
investigators. | | 

An excellent account of the development of the symptoms of adrenal 
insufficiency has recently been given by Harrop and Weinstein [1933], 
and in general our observations on cats agree with theirs on dogs. We do 
not, however, believe that the gait of the insufficient animal is due to any 
- real muscle spasticity. Rather it is due to weakness of the extensor 
muscles of the hind limbs only. The front legs are only affected when the 
_ animal no longer has strength to rise. The reason for this, we believe, is 
. that weakness first develops in the muscle which during rest is over- 
stretched. When a dog or cat lies down, the extensors of the hind legs are 
over-stretched while those of the front legs are under-stretched. The 
standing posture is maintained by the extensor muscles and the first sign 
of weakness would therefore develop in the hind legs on standing or 
walking. Anorexia was an early symptom and we sought to eliminate the 
possible secondary effects of starvation by forced feeding with measured 
quantities of meat and milk. Apart from the pronounced muscular 
weakness, which develops at a late stage of insufficiency, our animals 
have shown most of the other symptoms, such as falling out of fur, loss of 
elasticity of the hairy coat, purulent discharge from the eyes and a low 
terminal rectal temperature. Severe gastro-intestinal symptoms were rare, 
although on post-mortem examination we frequently observed gastric 
ulcers. Many of the animals developed gingivitis. 

For the removal of,tissue samples all animals (normal and adrenal- 
ectomized) were given amytal intraperitoneally. When anesthesia was 
complete, blood was collected from the carotid artery or the heart. The 
animal was then bled completely and tissue samples removed. 

In the enzyme studies dealing with lactic acid formation in muscle 
extracts, muscle samples were removed as quickly as possible from the 
hind limbs and placed in a covered beaker surrounded by a freezing 
mixture. When partially frozen they were minced, and then ground up in 
a mortar containing ice-cold 0-9 p.c. KCl in the proportion of 4 c.c. KCl 
to 3g. muscle. After standing on ice for about 30 min. the extract was 
centrifuged and filtered through muslin. Extract mixtures were then 
made by adding NaHCO, to give a final concentration of 0-5 p.c. To those 
extracts intended for experiments on glycogen, phosphate was added as 
well as NaHCO,. The extract mixtures were gassed with a mixture of 
nitrogen with 5 p.c. CO, and placed on ice until ready for use. For the 
_ determination of lactic acid formation in these extracts we followed the 
_ manometric technique described by Meyerhof [1926]. Further details 
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of the exact procedure adopted will be found under the appropriate 
section. The details of the methods used for the investigations dealing 
with the anaerobic contraction of the iotaten mammalian muscle are 
described in a later section. 


RESULTS. 


(i) Lactic acid formation by muscle extracts from normal and 
adrenalectomized cats. 


The results of Buell, Strauss and Andrus [1932] and Viale 
[1933] would suggest that muscles from adrenalectomized animals have 
a diminished capacity to form lactic acid, and if this were the case we 
should expect to find disturbances in the normal processes, by means of 
which muscle extracts have been shown to form lactic acid from sub-— 
_ strates such as glycogen, hexose diphosphate (H.D.P.) and hexose mono- 
phosphate (H.M.P.). aevicepoand we have carried out experiments on 
these lines. 

(a) Manometric studies. In setting up the different vessels every pre- 
caution was taken to allow for adequate controls, and in addition we 
actually estimated the so-called retention factor in a number of prelimi- 
nary experiments. As this was found to be negligible we have omitted the 
correction in our final calculations. In all instances the final readings 
were in c.mm. of CO, evolved, and from these the lactic acid formation 
was calculated. 

In the actual setting up of the Warburg vessels we worked at a 
temperature of 28° C. and with a vessel volume of 1-7 c.c. 

: The figures given in Table I represent the actual amounts of lactic 
acid (calculated from CO,) formed after an incubation period of 90 min. 
(A6 100 min.), 

_ In order to illustrate the rate of lactic acid formation we have repre- 
sented the course of events graphically. Fig. 1 A is from a normal animal 
N1, Table I, and Fig. 1B from cat A6, Table I. 

. Although considerable variations may be expected in experiments of 
this nature, we can nevertheless assert that we have not observed a 
diminished activity of extracts prepared from adrenalectomized animals. 
In actual fact the formation of lactic acid (estimated chemically and 
manometrically) has been slightly greater. 

A possible fallacy i in these estimations is the assumption that the 
evolution of CO, is due to lactic acid (formed by the extract and sub- 
strate) reacting with the NaHCO, present in the mixture; but it must be 
realized that evolution of CO, is an index merely of acid formation, and 
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TasxE I. Lactic acid formation in cat’s muscle extract from glycogen, hexose diphosphate 
(H.D.P.) and hexose monophosphate (H.M.P.) Warburg method. Lactic acid calculated 
from CO, evolved at n.T.P. (1 c.mm. CO, =0-004 mg. lactic acid) without correcting for 
CO, retention by extracts or esterification. 

Time 90 min. Temp. 28°C, Gas: N, with 5 p.c. CO,. 


Glycogen 4 mg. 
H.D.P. 7 mg. (calculated as acid Ba salt). 
H.M.P. 7 mg. ” 
Normal animals. Mg. lactic acid. 
Cat No. Glycogen H.D.P. H.M.P. 
Nl. 1-23 0-83 0°75 
N2. 1-38 0-68 
N4. 1-28 0°71 — 
Nb. 1-34 0-45 0-41 
Av. 1-31 0-77 0-61 
Adrenalectomized cats. 
A3. 1-39 0-83 0-73 Slight insufficiency 
A6. 1-58 0-96 1-03 Marked muscular 
weakness. 
AZ. 1-37 0-94 0-85 
Av. 1-45 0-91 0-87 
400+ Glycogen 
Glycogen 
H.M.P. 
a a H.D.P. 
H.D.P. 
| 200+ BMP 2004 
100+ 
10 30 50 70 9 10 30 50 70 99 100 
Minutes Minutes 


| Fig. 1. Lactic acid and CO, production from glycogen, H.D.P. and #.M.P. 
: in cat’s muscle extract. A, normal; B, adrenalectomized. 


that this acid may not be lactic acid but possibly acids such as pyruvic. 
: If this were indeed the case the conclusions of Buell, Strauss and ~ 
Andrus [1932] and Viale [1933] would be correct. In any case it is 
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important to check up the manometric estimations by direct lactic acid 


estimations. 


(b) Chemical studies of lactic acid formation by muscle extracts. Muscle 

extracts were prepared in the usual manner and the two one 
mixtures prepared: 
(1) 10 c.c. extract +2 .c. 5 p.c. NaHCO,. 

(2) 10c.c. extract +2.c. 5 p.c. peed 1-6 ¢.c. phosphate solu- 
tion. 

The extracts were gassed with the N, 5 p.c. CO, mixture and kept in 
stoppered flasks on ice until ready for use. In a typical experiment the 
following solutions were set up in Erlenmeyer flasks. 

(1) 2c.c. of mixture (1)+1 water. 

(2) 2c.c. of mixture (2)+0°6 c.c. H,0+0-40 c.c. glycogen solution 
(4 mg.). 

(3) 2 c.c. of mixture (1) +03 c.c. H,0 + 0-7 c.c. H.M.P. 

(4) 2c.c. of mixture (1)+0-3 c.c. H,0+0-7 c.c. H.D.P. (7 mg.). 

All four flasks were placed in the warm room at 37° C, for 1 hour. At 
the end of this period 5 c.c. 2 p.c. HCl and 5 c.c. 5 p.c. HgCl, were added 
to each flask and the contents allowed to stand over night at room tem- 
perature. The contents were then worked up for lactic acid estimation by 
the methods of Lohmann [1928] and Friedemann and Graeser 
[1933]. 

The value obtained from flask No. 1 gave the initial lactic acid content 
of the muscle extract, and its value was subtracted from the readings 
obtained in flasks Nos. 2, 3 and 4. In Table II the combined results of 
several experiments are summarized. 


Taste II. Lactic acid mg. formed by incubation of muscle extract at 37° C. with 
glycogen 4 mg., H.D.P. 7 mg., H.M.P. 7 mg. 


Normal. 
Cat No. Glycogen H.D.P. H.M.P. Kemarks 

N10 0-70 1:12 0-91 1 hour’s incubation. 
N12 «155 2-00 1-60 1 hour’s incubation. 
N14 1-67 1:77 — 3 hours’ incubation. 
0-98 1-41 1-50 1 hour’s incubation. 

Av. 1-22 1-58 1-34 

Adrenalectomized. 

A21 1-93 1-73 1-09. 1 hour’s incubation. 
Al9g 1-79 1-63 — 3 hours’ incubation. 
Al7 1-13 0-91 1-46 1 hour’s incubation. 

Av. 1-62 1-42 1-28 


The results shown in Tables I and II do not lend support to the theory 
that the muscular weakness of adrenalectomized animals is due to a 
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diminished capacity of the tissue to form lactic acid. The extracts from 
the insufficient animals actually produced slightly larger amounts of 
lactic acid. 

Further support of these findings was obtained by comparing the 
autolytic breakdown of glycogen in muscles taken from normal and 
adrenalectomized cats. As in the previous experiments samples of 
_ muscles were removed under amytal anesthesia and glycogen immedi- 
_ ately estimated, and also after 24 hours’ incubation at 37°C. In Table — 
III the results from three normal and three adrenalectomized animals are 
shown. Here again the glycogen disappearance is not significantly 
different in the two groups of animals. — 


TaBiE III. Muscle glycogen p.c. before and after autolysis. 


Normal Adrenalectomized 
Initial After p.c. Initial After p.c. 
value autolysis decrease value autolysis § decrease 
0-61 . 0-26 58 0-56 0-23 59 
0-51 0-30 41 0-39 0-17 56 
0-48 0-28 41 0-38 0-15 60 


We investigated next the chemical changes during the anaerobic 
contraction of mammalian muscle. 


METHODS. 


Samples for analysis were again removed under amytal anesthesia. 
In agreement with Meyerhof [1921] it was found that mammalian — 
muscles keep their excitability unimpaired, if they are prepared at body 
temperature. The legs were skinned, amputated and placed at 38° C. in a 
_ saline bath, in which the muscles were carefully prepared. The extensores 
hallucis longi were removed immediately for control observations. For 
the isometric determinations, the tibialis anticus was used. A hook was 
passed through the tendon of insertion and attached to the spring. The 
head of the tibia was cut off leaving the origin of the muscle intact. This 
piece of bone was transfixed so as to fix that end of the muscle. The levers 
were of the Biirker type but of larger size than those for frog muscles. The 
muscles were subjected to a slight initial tension and the length of the 
one to be stimulated was then measured, they were enclosed in glass 
vessels containing some warm saline and placed in a bath at 38°C. Pure 
nitrogen was allowed to bubble from the bottom of the vessels. Under 
these conditions the temperature within the vessels was 37°C. After a 
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period of rest (mostly 20 min.) one muscle was stimulated to fatigue and a 
few minutes afterwards both were quickly removed from the levers and 
dropped in liquid air. 

The stimulation was direct with maximal break induction shocks. 
The tension in the primary circuit was 4 volts, the distance between the 
coils varying between 6 and 4 cm., and the rate of stimulation between 
120 and 140 per min. 2 

. . The details of an actual experiment are given below: 
Cat 22. Adrenalectomized. Weight 2-3 kg. Rectal temperature 32° C. 


Marked muscular weakness. 
Time 
0 min. Amytal anesthesia. 0-75 c.c. of 10 p.c. solution intraperitoneally. 
9 min. 0-5 c.c. amytal. , 
15 min. Anesthesia complete. Thorax opened. Blood taken from heart. Animal 
bled to death. 
16 min. Amputation of hind legs started. : 
19 min. First extensor hallucis longus in liquid air. Twitch on cutting either end. 
20 min. Second extensor hallucis longus in liquid air. Twitch on cutting either end. 
27 min. Muscle for stimulation attached to isometric lever. Immediately after- 
wards resting muscle on isometric lever. Both muscles covered and _ 
in bath at 38° C. 
_ 29 min. itrogen started. 
47 min. 30 sec. Drum 


140 poe min, Coil at 4-5 om. 
54 min. 25 sec. Stimulation stopped. 
55 min. 15 sec. Muscles lifted from bath and opened to air. — 
55 min. 43 sec. Stimulated muscle in liquid air. 
55 min. 50 sec. Resting muscle in liquid air. 

From such an experiment the following data were obtained: 

(a) Glycogen, lactic acid and phosphorus (P) fractions in the resting 
muscle removed immediately after death, i.e. on both extensor hallucis 
longus muscles. | 3 

(6) The same values after a period of rest in nitrogen on one tibialis 
anticus. This muscle was fixed in the isometric lever and kept under 
exactly the same conditions as the stimulated one. 

(c) The same values again after a series of isometric twitches in 
nitrogen on the other tibialis. 3 

The difference between values from (b) and (a) gives, therefore, the 
extent of changes taking place during the anaerobic rest, that between 
values from (c) and (b) the extent of those due exclusively to anaerobic 
activity. Unfortunately the glycogen values for the extensor hallucis 
longus being consistently lower than those obtained on the tibialis, the 
first values could not be used for the purpose of measuring the extent of 


glycogen disappearance during the resting anaerobiosis and have, there- 
fore, been omitted from the tables. 


us 
“4 
“a 
al 
; th 
4 
‘4 
Pp 
a 
'¥ Pp 
j 
4 
x 
© 
4 
7 
¥ 
a: 


er 


ADRENALECTOMY AND MYASTHENIA. 313 


The frozen muscles were easily divided into several pieces for the 
various chemical estimations and the amount of material available was 
always more than sufficient for securing accurate analytical results. For 
the estimation of the P fractions the samples were quickly weighed on a 
torsion balance. Glycogen was estimated by the modified method of 
Evans e al, [1931], lactic acid by the method of Friedemann and 
Graeser [1933] and the acid soluble P fractions by the methods of 
Lohmann and Jendrassik [1926] and Lohmann [1928]. The phos- 
phorus fractions estimated were true inorganic, phosphagen and pyro- 


phosphate, i.e. phosphate split off after heating at 100° in N HCl for 


TaBLE IV. Lactic acid, glycogen, phosphagen and pyrophosphate in cat’s muscles. (a) im- 
mediately (extensor hallucis longus); (b) resting in N, (tibialis anticus); (c) after 
activity in N, (tibialis anticus). A, normal animals. B, adrenalectomized; mild symp- 
toms. C, adrenalectomized; marked insufficiency. D, same as C but adrenaline given. 


Lactic Glycogen Phosp hagen 

Cat acid mg. per mg. , mg. ¢ 
Group No. mg. per g. g. per g. per g. 

a 12 a — 

b 0-88 7-0 1-78 0-98 
2-61 0-62 1-05 
15 a 1-82 1:18 
b 0-99 16-0 1-80 1-26 
c 3-66 11:3 0-44 0-87 
27 a 0-32 — 2-20 0-99 
b 0°77 8-4 1:36 1-02 
c 3:38 3-4 0-44 0-78 
B 16 a 2-13 1-08 
b 0-69 4-1 1:13 1-06 
3°17 1+] 0-19 0-83 
18 a 0-25 2-32 0-77 
b 0-67 11-5 1-38 0-86 
c 3-12 8-0 0-47 0-78 
19 a 0-22 — 2-34 0-83 
b 0-64 13-2 1-73 0-97 
c 3-76. 8-3 0-63 0-98 
C 21 a 0-16 —_ 1-98 0-94 
b 1-14 3-3 0-98 1-19 
c 2-48 2-4 0-50 0-64 
22 a 0-11 — 1-70 1-09 
b 1-02 40 0-77 1-20 
c 2-94 1-9 0-23 0-76 
D 23. a 0-46 _ 2-42 1-26 
b 0-81 4-3 1-55 1:30 
re 2-93 2-0 0-29 0-79 


7 min. In all cases a portion of the trichloroacetic acid filtrate was in- 
cinerated and the total acid soluble phosphorus estimated. The difference - 
between this and the 7 min. value should give the P of the hexose esters 
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present. We have definite evidence, however, that sometimes the whole 
of the ester fraction may not be included, since the incineration value 
should not vary between the resting and the symmetrical stimulated 
muscle, and we have found big variations in some experiments, especially 
in connection with pyrophosphate breakdown or resynthesis. It is likely 
that in the short time allowed for the extraction (at 0° C.) with the dilute 
trichloroacetic acid not all of the acid-soluble phosphates come out. 
The different isometric coefficients for the anaerobic activity were 


- calculated as in Ochoa’s paper [1932]. , 


RESULTS. 


The results of typical experiments on three normal and six adrenal- — 


ectomized cats are summarized in Tables IV, V and VI. It may be seen 
that the initial values for lactic acid are lowest in the two experiments of 
group C (Table IV), whereas they are highest in the same two experi- 
ments after 20 min. anaerobic rest. The initial phosphagen content is also 
lower in the muscles of this group than in all others with the exception 
of cat No. 15. The lowest values were obtained in the same two experi- 
ments after the anaerobic resting period. Low resting lactic acid and 
phosphagen values in muscles from adrenalectomized animals have 
already been observed [Arvay and Lengyel, 1931; Valdecasas and 
Delgado, 1933]. However, it is seen that in our experiments, adrenal- 
ectomy having been performed in two stages, the phosphagen decrease is 


TaBLE V. Lactic acid, phosphagen and pyrophosphate changes 
_ during the anaerobic rest of isolated cat’s muscles, 


Phos Pyrophosphate 
Minutes’ synthesis 
ore formation mg. .C. 0 . H,PO .c, of 
Group No. stimulation mg. per g. per g. Tnitial tnitial 


5 0-02 1-0 0-08 6-8 
27 20 0-45 0-83 38-0 0-03 3-0 
B16 20 hs 1-00 47-0 0-00 0-0 
18 20 0-42 0-74 40-0 0-09 12-0 
19 20 0-42 0-60 26-0 0-14 17-0 
Cc 20 0-98 1-00 51-0 0-25 27-0 
22 20 0-91 0-93 54-0 0-11 10-0 
D 23 20 0-35 0-88 42-0 0-04 3-2 


but very moderate, in comparison with that obtained by other workers 
who did the operation in one stage so that the animal only survived for a 
brief period. Of course, this low initial phosphagen value might be caused 
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by deficient aerobic resynthesis in the muscles possessing their intact 
blood supply, and might even be a consequence of the impaired circula- 
- tion, but the cause of the low resting lactic acid values cannot as yet be 
explained. That the lactic acid forming capacity of the muscles is not 
fundamentally altered has been shown in the previous experiments, and, 
on inspection of Table V, it may be clearly seen that during the 20 min. of 
anaerobic rest the muscles of group C form roughly twice as much lactic 
acid as the others. The increased lactic acid formation during this period 
may well be of a compensatory nature, to prevent an excessive break- 
down of phosphagen. If the anaerobic phosphagen resynthesis proceeded 
at the normal rate, we should expect, in the experiments of group C, 
roughly half as much phosphagen to be broken down as in the others, but 
actually the breakdown is slightly higher. The obvious explanation for 
this would be that in the adrenalectomized animals the anaerobic 
resynthesis of phosphagen is impaired, but obviously not owing 
to a decreased lactic acid formation. In most cases during the 
resting period there is a constant but small pyrophosphate resynthesis 
(Table V). | 
Table VI summarizes the data for the stimulation period. Again only 
the experiments of group C show a marked deviation from normal. In 
these two cases the isometric tension developed is subnormal and, in 
absolute terms, both lactic acid formation and phosphagen breakdown 
are decreased. Although the glycogen content of these muscles after the 
anaerobic resting period is definitely reduced (Table IV), the lowest 
glycogen (3-3 mg. per g.) would be enough to cover the highest lactic acid 
formation obtained in the whole series (3-12 mg: per g.). If, therefore, 
there is sufficient glycogen to account for a normal formation of lactic 
acid and the muscle possesses an unimpaired capacity for forming it, we 
must conclude that it is not the decrease in the lactic acid production 
which is responsible directly or indirectly for the decreased work per- 
formed, but that the former must be a consequence of the latter. More- 
over, the isometric lactic acid coefficients obtained in the two experiments 
of group C do not differ significantly from those obtained in the other 
experiments. The corresponding phosphagen coefficients, however, are, 
on the average, well above normal, and this coefficient is also high in cat 
No. 16 of group B. This latter fact may be significant, since of the three 
cats in group B only cat No. 16 showed definite signs of muscular weak- 
ness when killed for the experiment. Tissue and blood analyses also in- 
dicated marked insufficiency. The isometric tension developed by the © 
isolated muscle was, however, within the normal tange, and on this 
21—2 
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account the experiment was included in group B. It would therefore 
appear that there may be signs of decreased muscle efficiency in the 
whole animal when this does not occur, or at least not to a marked extent, 
in the isolated muscle working anaerobically; and this would imply that 
the myasthenia of adrenal insufficiency is to some extent due to factors 
other than changes within the muscles themselves. On-the other hand, 
cats 18 and 19 showed only a mild degree of muscular weakness at the 
time of the experiment, and the behaviour of the isolated muscles is 
definitely normal in all respects. 

It appears, then, that whenever there is a decrease of the work per- 
formance of the isolated muscles this is associated with decrease of the 
extent to which the phosphagen is broken down. This conclusion is 
strongly supported by the result obtained with cat No. 23. At the time of 


TaBLeE VII, Groups: A, normal animals. B, adrenalectomized; mild symptoms. 
C, adrenalectomized; marked insufficiency. D, same as C but adrenaline (4 mg. 
injected subcutaneously 1 hour before experiment). 


Rectal 
Weight (kg.) Time after temper- 
Cat Before Before adrenal before . 
Group No. operation exp. removed exp. Condition 
A 12 — 
27 3:3 37-8 
B 16 3°05 2-85 6 days _ Definite muscular 
weakness. 
(a) 18 2-6 2-4 20 days — No muscular weakness 
(6) 19* 3°35 3-2 2 days 34:5 No muscular weakness 
C 21 3-2 2-9 12 days 33°8 Marked muscular 
weakness. 
22 — 2-3 22 days 32-0 Marked muscular 
No. 22 six weeks between removal of Ist and 2nd glands. weakness. 
D 23 2-75 2-35 9 days 31:8 Severe muscular 
weakness. 


* Double adrenalectomy in one pe 
; () oe months between removal of first and second glands probably accounts for long 
surviv iod. 

(6) This animal, in marked contrast to the other animals operated on in two stages, 
showed post-mortem a marked retroperitoneal cedema. 


the experiment this animal was in a condition of marked insufficiency 
with very severe myasthenia. One hour before being killed the animal 
received subcutaneously 4 mg. adrenaline. Clinically, its condition was to 
some extent improved, and the isolated stimulated muscle developed a 
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normal tension with normal phosphagen breakdown and Km p. During 


the anaerobic resting period (Table V) the lactic acid formation was low 
and the phosphagen breakdown within the normal range. This would 
mean that adrenaline re-established the efficiency of the anaerobic 
phosphagen resynthesis. On the other hand, there is already a high 
initial phosphagen value (Table IV), apparently related to increased 
lactic acid formation in the period between the injection and the death of 
the animal. To some extent this result agrees with the recent findings of 
Kuschinsky and Viaud [1933], and opens again the question as to the 
relative importance of the adrenal cortex and the adrenal medulla in the 
production of the myasthenia of adrenal insufficiency. An investigation 
on the action of adrenaline and sympathetic stimulation on the chemical 
changes of muscle, in relation to the performance of work, is clearly 
desirable, and we propose to go into this question at a later date. Mean- 
while, this isolated but clear-cut experiment is presented on its merits, 
but with all due reserve. | 

It is interesting to observe that in those cases where the phosphagen 
breakdown during the work period-is very limited, the pyrophosphate 
_ breakdown is markedly increased and even equals the former. The 
energetic réle of the breakdown of adenylpyrophosphate being known 
through the work of Meyerhof and Lohmann [1932] this result needs 
no further commentary. 


It seems clear, therefore, that in these experiments the decreased 4 


ability for performing anaerobic work shown by isolated muscles from 
adrenalectomized cats is directly related to a disturbance of the phos- 
phagen metabolism. After 20 min. anaerobic rest the phosphagen content 


of the muscles is greatly reduced, and this necessarily limits the extent to _ 


which it may be used for the performance of work in the subsequent 
stimulation period. It is not unlikely that both phosphagen resynthesis 
and breakdown are sluggish. During rest the sluggishness of the resyn- 
thesis would be the more apparent, whereas during activity, where 
normally a very rapid phosphagen breakdown occurs, the decrease in the 
breakdown would be predominant. 

Whether the suprarenal glands, more especially the cortex, exert a 
direct control on the phosphagen metabolism in muscle cannot at present 
be decided. Phosphagen resynthesis after muscular work is decreased in 
parathyroid deficiency [Imrie and Jenkinson, 1933], and it seems to be 
impaired in the cachexia which follows removal of the pituitary in the 
toad [Houssay, 1933]. In the latter case the condition is not relieved by 
administration of cortical extract. It seems therefore that the condition 
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is, at least, not specific for adrenal insufficiency, but may be a secondary 
change common to different experimental conditions. The action of — 
adrenaline, see cat No. 23, may be a specific and independent phenomenon. 


SuMMARY. 


1, The enzymic formation of lactic acid by muscle extracts prepared 
from normal and adrenalectomized cats has been studied. No significant 
differences were observed in the two groups of animals. 

2. The lactic acid production, phosphagen and pyrophosphate break- 
down of the isolated tibialis anticus muscle from three normal cats have 
been determined after a series of isometric twitches of the muscle stimu- 
lated to fatigue at 37°C. under anaerobic conditions. The average iso- 
metric coefficients were Km, 265, Kmp 539. The calculated average 
isometric heat coefficient was Km, 20-3. The average tension length was 
608 kg.cm. per g. muscle. 

3. Under otherwise identical conditions, the same muscle from animals 
showing definite signs of adrenal insufficiency performs less work (average 
389 kg.cm. per g.) The Km, remains within normal limits (239) while the 
Kmp is definitely increased (760). The calculated Km, decreases, and is 
thus an index of the decreased efficiency of the transformation of chemical 
into mechanical energy. 

4. It is suggested that the decreased capacity for the performance of 
work is due to a diminished capacity of the muscle to resynthesize 
phosphagen, and that decreased lactic acid formation is a consequence 
rather than a cause of the decreased output of work. 

5. During activity there also appears to be a decreased rate of phos- 
phagen breakdown, and this confirms previous experiments by one of us 
on frogs [Ochoa, 1932]. 


We wish to thank Sir Henry Dale for much help and advice. 
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STRENGTH-DURATION CURVES FOR REPETITIVE 
STIMULATION OF MEDULLATED NERVE. 


By DONALD SCOTT (Harvard). 


aba the Department of Physiology and Biochemistry, 
University College, London.) 


(Received June 21, 1934.) 


Tue recent work of Bugnard [1934] on the “fatiguing” effect of high- 
frequency and the “conditioning”’ effect of low-frequency stimulation 
in frog’s medullated nerve made it desirable to determine the effect, if 
any, on the time relations of excitation, of repetitive stimulation at 
various frequencies. Bugnard’s results themselves were first confirmed, 
employing as a measure of the response, not the heat production but the 
action current (the “‘negative variation ”’) recorded with a sensitive high- 
resistance galvanometer of the moving-magnet type. For the study of 
the time relations of the excitatory process the method employed was 
that suggested by Hill [1934, p. 211], which has shown itself capable of 
great accuracy and rapidity. A constant response of the nerve itself 
was used as an indicator of a constant stimulus, instead of a minimal 
twitch in a muscle attached to it. This allows any kind of nerve to be 
used, and avoids the complication of fatigue in muscle or Hente-musoniar 
junction. 

The nerve was mounted in a moist chamber and connected by non- 
polarizable electrodes to the sensitive galvanometer so as to give a sum- 
mated monophasic response. Its injury current was balanced and it was 
stimulated, by means of a rotating commutator, with a regular series of 
condenser discharges. The response (galvanometer deflection) can be 
varied either by changing the capacity of the condenser (more strictly 
its “‘discharge time” CR, where C is capacity and R is total discharge 
resistance), or by altering the potential to which the condenser is charged. 
When the former is altered the latter can be adjusted so that the response 
remains the same, in which case we can equate the excitatory effect of 
one capacity and one potential to that of another capacity and another 
potential. 
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APPARATUS. 


The nerve chamber was of paraffin wax and had two pairs of 
electrodes, one pair for stimulation, the other pair connected to the 
galvanometer. The galvanometer electrodes were 14mm. apart, and 
were separated from the stimulating electrodes by 26 mm., the distance 
between these latter being only 7mm. All the electrodes were non- 
polarizable calomel half-cells connected to the nerve by means of mois- 
tened filter papers held end-on by slits in small blocks of vulcanite. The 
surface of contact between the edge of the filter paper and the nerve 
was small, being of the order of 0-3-0-5 mm. 

The resistance of the calomel half-cells was reduced to a minimum 
by decreasing the length of the fluid electrical path from the calomel to 
the filter paper and increasing the diameter of the tubing used. The total 
resistance between the terminals of the stimulating electrodes, including 
7 mm. of nerve, was reduced to 5500-6000 ohms in this way. In order 
that the calomel half-cells might remain non-polarizable, even under 
extreme conditions, the diameter of the tube containing the mercury 
and calomel was increased to about 18 mm., and no trouble from this 
source was experienced. | 

The galvanometer was a Downing moving-magnet instrument ad- 
justed to a period of about 2 sec. at a sensitivity of about 2 x 10-4 amp. 
per mm. at 3 metres distance. It was read on a scale. Stimulation was 
by the usual sequence of condenser discharges employed in neurothermic 
experiments [Hill, 1934, etc.], only discharges being used. With the 
cathode nearer the galvanometer electrodes this insured that all the 
shocks were effective and that no anode block could occur. The con- 
densers were of the mica insulated type and had been previously cali- 
_ brated so that their values were known to within 5 micro-microfarads. 
To avoid leaks from the stimulating circuit the commutator was mounted 
on a separate bench and connected by carefully insulated lines to the 
condenser, and an earthed silver electrode was laid on the middle of 
the nerve. Since small capacities were used for the shorter times of 
discharge it was important that the capacity of these lines should be kept 
at a value well below that of the smallest condenser used. It was 
necessary also that the inductance of the discharge circuit should be 
negligible. It was further essential at these very short times of discharge 
to have a high linear speed of the surface of the commutator under the 
central brush, since otherwise a discharge time of 1 micro-second might 
well be almost complete before the brush had had time to make good 
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contact with the oncoming segment of the commutator. In that case 
the resistance between the brush and the segment might be very high © 
and an unknown quantity, thus seriously disturbing the time relations 
of the discharge. For this experiment, therefore, a special two-segment 
commutator was used and run up to 3000 r.p.m. to give 50 one-way 
shocks per sec. 

To vary the voltage to which the condenser was charged, a rotary 
potential divider was placed across five 2-volt accumulators in series; — 
for higher values a 60-volt high-tension accumulator was used, having 
taps every 2 volts. By the further addition in series of:a 120-volt dry 
battery, 190 volts could be obtained. Any desired potential therefore 
could be applied and the value adjusted as accurately as required by 
means of the rotary potential divider. The potential was read with a 
multirange voltmeter. 

A small resistance box was used in the stimulating circuit, so that 
various non-inductive resistances could be placed in series and in parallel 
with the nerve. A fixed resistance of 10,000 ohms was used in series 
with the nerve and a shunt resistance across the whole: the shunt could 
be altered by means of three switches to be 5000, 2500 or 100 ohms 
respectively. By varying these shunt resistances the effective resistance 
in the discharge circuit could be changed over a fiftyfold range. This, 
together with the variation of the capacity of the condenser, provided 
“discharge times” OR of from 1 to 10,000 micro-seconds. The “discharge 
time” is the time required for the condenser to discharge until 1/e of its 
original charge remains, e being the base of the Napierian logarithms. 


METHOD. 

The sciatic nerve of a Hungarian frog (Rana esculenta) was dissected 
and left to soak in Ringer’s solution for 2 hours in order that it should 
become adjusted to this medium. It was then mounted in the nerve 
chamber so that the stimulating electrodes were at the proximal end 
with the cathode nearer to the galvanometer electrodes. The nerve was 
then crushed with forceps between the galvanometer electrodes, and 
three to five drops of isotonic KCl were placed on the crushed end. This 
procedure was found to give the largest injury potential, the average 
value being about 12 millivolts. When thus prepared the cell was covered 
with a strip of glass fitted with a moistened filter paper to prevent the 
nerve from drying, and moist oxygen was admitted. Before each experi- 
ment the chamber was carefully dried out to prevent any condensed 
moisture from forming a short circuit. 
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With the stimulating circuit connected and the commutator running 
at a constant speed the nerve was given a series of maximal stimuli at 
regular intervals (every 30 sec.) and the average size of the deflection 
measured. These stimuli consisted of a 5 sec. tetanus, and after three or 
four applications gave an almost constant response. It was found that 
1:5 volts, 2:0 microfarads and a 5000 ohms shunt gave a satisfactory 
stimulus for this purpose. © 

The maximum deflection having been found the next procedure was 
so to stimulate the nerve at all “discharge times” as to produce a 
response one-half of this maximum. With this semi-maximal response 
kept constant throughout the experiment the result was capable of great 
accuracy. In order to maintain the state of excitability of the nerve 
throughout, it was stimulated with 5 sec. tetani every 30 sec., in the 
same way as for the maximal stimuli, since any variation in the interval 
would have left the nerve in a slightly different condition and liable to 
give a different response. The nerve does not fully return to its resting 
state, as regards its electrical response determined in this way, for about 
14 min. after a tetanus has been applied; its condition, however, after 
30 sec. is a close approximation to this, while tetani given every 15 sec. 
lead to much more uncertain results. 

Stimulating regularly as described, the condenser and resistance were 
_ set to give the longest discharge time, and the potential divider was 
adjusted until the response was semi-maximal. The longest discharge 
time used was 7970 micro-seconds; this was sufficient to give the rheobase 
in nearly all cases and was as large as could be allowed considering the 
frequency of stimulation employed. Longer discharges would have been 
cut off to some degree by the commutator even at such low frequencies 
as 10-20 per sec. When the semi-maximal response to the longest dis- 
charge time had been found, the condenser and the resistance were 
altered to give about half the above discharge time and the potential 
divider was again adjusted to give a semi-maximal response. 

Thus the discharge time was altered in steps, each approximately 
half the previous value, and for each step the potential was found for 
which the nerve gave a semi-maximal response. 

The shortest discharge time used was 0-862 micro-second, shorter 
discharge times than this requiring potentials of more than 150 volts, 
which for danger of leakage were avoided. After the reading at the 
shortest discharge time, a reverse series was at once taken in order to 
eliminate, by averaging, any progressive change in the condition of the 
nerve; although results showed that in nearly all. cases the values ob- 
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tained in the reverse series were so nearly the same as in the forward 
one that this extra precaution was unnecessary. At the higher voltages 
tests were made at intervals for any leak from the stimulating circuit 
by switching all of the condensers out and then “stimulating” the nerve. 
Occasionally small deflections would result, in which case a thorough 
drying of the cell removed the error. 

The effective resistance is made up of (a) the resistance of the nerve, 
(b) the resistance in series with it, and (c) whatever resistance is placed 
in the shunt. The simplest and most reliable method of measuring the 
resistance of the nerve itself was found to be by a bridge method where 
the stimulus was used instead of an alternating E.M.F., and the null 
point was found with a pair of telephones. If the nerve was still con- 
nected to the galvanometer the size of the E.M.F. used could be chosen 
to give a response similar to that found during the tetani used in the 
experiment proper. Measurements on several different nerves agreed 
closely, and the resistance between the electrodes was taken to be 
6000 ohms: this was correct to within +500 ohms. Assuming 6000 ohms 
in the nerve itself, the total effective resistance could be calculated. 


RESULTS, 

_The strength-duration (potential-discharge-time) relation obtained by 
the above procedure is best plotted logarithmically, giving curves as in 
Fig. 1 [see Rushton, 1931, p. 283]. For the longest discharge times the 
curve is nearly horizontal and gives a close approximation to the rheo- 
base; doubling the voltage, 1.e. adding log 2=0-301 to its logarithm, 
gives the ‘‘chronaxie” or “excitation time.’’ The point where the energy 
necessary for a given response is a minimum is that where the curve has 
a slope of —}4 [Rushton, 1931]. This point can easily be marked off 
with a parallel ruler. The point where the quantity of electricity 
necessary to give a constant response is a minimum is that at which 
the slope is —1. As a matter of fact this is not a point but a wide region, 
since for very short discharge times the curve approaches a slope of —1 
with considerable accuracy. This means that for short discharge times 
the quantity of electricity necessary to give a constant response is con- 
stant. In all the experiments performed on the sciatic nerve of Rana — 
esculenta at room temperature (about 20° C.) this constant slope of —1 
was reached for all discharge times shorter than 20 micro-seconds. 

Fig. 1 shows two strength-duration (voltage-discharge-time) curves 
taken with different frequencies: (A) with 9 per sec. and (B) with 400 per 
sec. In the latter case the curve ceases to have any meaning for long 
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discharge times, since discharge will necessarily be cut off by the com- 
mutator before it is nearly complete. To determine just how much of a 
condenser discharge can be cut off in this way without diminishing the 
effectiveness of the stimulus a commutator was designed by Prof. A. V. 
Hill, and constructed by Mr A. C. Downing, in which it was possible 
to alter the time of contact of the brush with the segment without 
altering the frequency. This was done by making the segments triangular 
in shape, so that moving the centre brush with a rack and pinion from 


Q 


4 


10 100 1,000 10,000 
Discharge time, CR: micro-seconds 

Fig. 1. Strength-duration (potential-capacity x resistance) curves of medullated nerve for 

‘repetitive stimulation: two different frequencies: logarithmic scales of potential and time. 


one side to the other varied the duration of contact for discharge from 
zero on one side up to a maximum on the other. There were four pairs 
of segments, so that the maximum time corresponded nearly to a quarter 
of-the whole circumference. The contact time for charging was bound 
to be altered in the converse manner as the brush was moved across, 
but the resistance on the charging side was made so small that the 
charge time was of the order of 5 micro-seconds, and the condenser was 
presumably completely charged even with the shortest duration of 
contact. 

_ With a given “discharge time” CR the voltage necessary for a con- 
stant response was determined as the centre brush was moved across the 
commutator from side to side. In this way it was possible to find the 
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shortest time of contact at which the effectiveness of the stimulus was 
not diminished. The result can be expressed in two other ways, either 
(a) as the fraction of the full discharge which is necessary to give the 
full effect, the remainder of the discharge being ineffective, or (b) as the 
greatest frequency with which strength-duration curves can be made 
when including a given discharge time CR. The results are given below: 


Minimum contact time Least percentage of 


Discharge for undiminished complete disc Maximum frequen 


pe sec. response per sec. 

9115 2810 26-6 100 

1805 1690 60-8 200 
456 560 72:3 600 


Thus, for a frequency of 400 per sec. the longest “discharge time” 
that it is safe to use, without danger of reducing its effectiveness by 
cutting it off too soon, is about 600 micro-seconds, beyond which point 
the curve has not been continued. It is clear that if values for the 
rheobase and the chronaxie are to be obtained, the maximum frequency 
that can be used is less than 100 per sec. The above results show that it 
is not a constant fraction of the discharge that is necessary to give a 
full response, but that the fraction is much less with slow discharges 
than with rapid. This was to be expected in a general way, since with 
the slower discharges there is more time for “accommodation” of the 
tissue to set in, so the rest of the discharge becomes ineffective. It is in 
general agreement with the results of Lapicq ue [1926]. 

It is clear from the preceding results that for investigating the time 


relations of nerve at relatively high frequencies of stimulation the rheo- _ 


base and the chronaxie are of no value and some other point on the 
strength-duration curve must be chosen. Such a characteristic point is 
that at which the energy necessary for a given response is @ minimum. 
This is clearly defined on the curve as the point where the slope is —}4, 
and with fresh nerves it usually occurs at a discharge time CR of about 
400 micro-seconds. Since this lies within the available curve for 400 per 
sec. it is suitable for comparison in the strength-duration curve at all 
frequencies. This point has been marked on the curves taken at 9 per sec. 
and 400 per sec. The difference is negligible in spite of the great difference 
of frequency, as it was in a similar experiment where for the same two 
frequencies the points of minimum energy were respectively at 461 and 
478 micro-seconds. Thus not only is there little difference between the 
shapes of the curves at 9 per sec. and at 400 per sec., but they both 
become asymptotic to a line drawn at 45° to the base, and in both the 
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points for minimum energy occur at about the same discharge time. 
Over the range, therefore, in which the method used in these experiments 
is available, it has not been possible to show any important difference 
between the strength-duration curves for frequencies as widely different 
as 9 and 400 shocks per second. 

To examine the effect of continuous prolonged stimulation on the 


strength-duration relation, the procedure was reversed so that the re- — 


sponse taken as indicator of constant stimulus was not the deflection 
on applying the stimulus but the return of the galvanometer when the 
stimulus was removed. The nerve was stimulated continuously for 40 min. 
at 50 per sec. with a maximal stimulus, and then the stimulus was 
removed for 5 sec. and the size of the back swing of the galvanometer 
noted. The same precautions as before were taken to keep the prepara- 
tion in a constant state of activity, but ii this case the stimulus was 
removed for 5 sec. regularly every minute, instead of being applied 
regularly for 5 sec. every 30 sec. When the maximum back swing was 
found the discharge time CR was set to its maximum and the potential 
adjusted to give a steady maximal back swing on removing the stimulus. 
This procedure was followed over the whole range of CR, the result 
being a strength-duration curve for'a nerve continuously stimulated, 
the periods of rest being only 5 sec. in each minute. 

Each series of readings under continuous stimulation was preceded 
for comparison by a series taken during rest by the method described 
earlier, while after the series under continuous stimulation the nerve 
was given | or 2 hours’ rest and another series taken during rest. Com- 
parison of the three curves showed that the rheobase under stimulation 
was higher than during rest, although the curve taken after recovery 
from continuous stimulation never coincided with the one taken before, 
being always somewhat higher. 

These curves all approach the slope of —1 for short discharge times, 
and all have the same general shape as the curves taken during rest. 
If plotted on the same sheet as in Fig. 2 the curves taken during 
continuous stimulation converge somewhat at shorter times on those 
taken during rest; although the potentials are much larger for values 
near the rheobase they are not proportionately larger for short discharge 
times. Corresponding to this, under continuous stimulation the point of 
minimum energy is shifted towards shorter discharge times. In Fig. 2 
this characteristic point is moved from 365 micro-seconds for the resting 
nerve (curve A) to 122 micro-seconds for the nerve under- continuous 
stimulation (curve B), returning to 232 micro-seconds after 2 hours’ rest 
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(curve C). It was found that the stronger the stimulus the shorter was 


the time to which the point of minimum energy could be driven, and 
that the point would move to the right even during the short intervals 
of an experiment. Curve B could not be taken during true continuous 
stimulation, there being 5 sec. rest in every minute to allow the response 
to be measured. Thus, if it were possible to make the curve while the 
nerve was being maximally stimulated without any rest at all, the point 
of minimum energy would be found at still shorter times. 


n.2 


1 100 1,000 70,000 ' 


Discharge time, micro-seconds 


Fig. 2. Strength-duration (potential-capacity x resistance) curves of nerve for repetitive 
stimulation at 50 shocks per sec. A, stimulation 5 sec. every half min.; B, after pro- 
longed stimulus, stimulation 55 sec. every 1 min.; C, after long rest, stimulation 
5 sec. every half min. 


The effect of continuous stimulation was investigated with regard 
to frequency, and the same result was observed at 200 per sec. as at 
50 per sec., the magnitude of the effect remaining about the same. Its 
extent seems to depend solely on the degree to which the nerve has been 
stimulated. 

‘The results just recorded confirm in some respects the observation 

made by Boyd and Gerard [1930], using a muscle-nerve preparation 

from a green frog and blocking the nerve by cold below the stimulus 

during the time that the continuous tetanus was applied. It was then 

necessary to remove the cold block, before any measure of the rheobase 

or chronaxie could be made in the usual way by observing a just notice- 
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able twitch. They found an increase of 27 p.c. in the rheobase but only 
a slight shift (if any) in the chronaxie towards shorter times. In the 
present experiments the increase in the rheobase was as great as two to 
three times the resting value, but far more significant was the shift in 
the discharge time for minimum energy, which was shown to change 
from 365 micro-seconds for the resting nerve to 122 micro-seconds for 
the nerve under conditions approximating to continual stimulation. It 
was found that a very large change both in rheobase and in the point 
for minimum energy took place very rapidly when the nerve was allowed 
longer rests than in the present experiments. If the nerve was allowed 
to rest for 10 sec. every minute instead of 5 sec., the effects on the 
rheobase and on the time for minimum energy were reduced considerably. 
The present results, therefore, agree with the findings of Boyd and 
Gerard, considering that they had to wait about 25 sec. between the 
moments at which the continual tetahus was removed and at which the 
first measure of the rheobase could be made. Considering also that an 
appreciable further interval must have elapsed before the measurement 
of the chronaxie could be completed, the nerve would be nearly returned 
to a resting condition before the cold block was removed and the 
necessary values obtained for rheobase and chronaxie. 

When measurements were made of the potential-capacity relation 
during constant repetitive stimulation a double series was always taken, 
starting with long discharge times and going to short discharge times 
and returning. The double series had been preceded by continuous stimu- 
lation without gaps, and when the gaps began, starting with long dis- 
charge times in the double series, it was observed that the first few values 
of the potential necessary for constant response decreased in spite of 
decreasing discharge time. This was due to the rest provided by the 
5 sec. gap. When the same discharge times were examined in the reverse 
series they gave almost a constant value for potential, since by now the 
nerve had become adjusted to the new steady condition corresponding 
to 55 sec. stimulus, 5 sec. rest. 

In order that the tetanus should remain maximal the stimulus had 
initially to be made considerably supermaximal: a stimulus which was 
just maximal at the beginning was soon considerably less than maximal. 

Field and Briicke [1926] found a lengthening of the refractory 
period during continual stimulation, and showed that this effect con- 
tinued for ten minutes after a ten minutes’ stimulus. Boyd and Gerard 
[1930] found that the increase in rheobase referred to above persisted 
for about 4 min. after 5 min. continual stimulus. 
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SuMMARY. 


A method is described for determining the strength-duration (po- 
tential-capacity x resistance) relation for the electric excitation of nerve, 
employing the action current of the nerve itself as an indicator. A semi- 
maximal electrical response is used instead of a threshold muscle twitch. 
With repetitive stimulation the limitations of the method in respect of 
frequency of stimulation are discussed. | 

Very consistent results are obtained. For very short discharge times 
(less than 20 micro-seconds) with a frog’s sciatic nerve the quantity of 
electricity required for a constant degree of excitation becomes accu- 
rately constant, and independent of the time of discharge. 

The frequency of stimulation as such has little or no effect on the 
time relations of nerve excitation. By a slight alteration in the method 
the strength-duration relation can be determined during continual repe- 
titive stimulation. Steady activity causes a considerable increase in the 
rheobase and an appreciable quickening of the excitatory process. 
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A PHYSICAL ANALYSIS OF THE RELATION 

BETWEEN THRESHOLD AND INTERPOLAR 

LENGTH IN THE ELECTRIC EXCITATION 
OF MEDULLATED NERVE. 


By W. A. H. RUSHTON. 


(From the Department of Physiology and Biochemistry, 
University College, London.) 


(Received June 22, 1934.) 


Many observations, both ancient and recent, have been made upon the 
current necessary to excite different lengths of medullated nerve, and 
there is now unanimity of opinion that, whether the nerve is in air or 
in fluid, the current necessary to excite is greater the closer together the 
electrodes. When the interpolar length is greater than about 20 mm. 
there is no further lowering of threshold however great the distance, 
and I have verified this statement upon the nerves of the American bull 
frog, where distances of 100 mm. and more can easily be obtained. 


The determination of the relation between threshold and interpolar length of nerve 
in air is complicated by the fact that change of interpolar length alters the resistance of 
the stimulating circuit, hence the threshold voltage which is read gives no direct indication 
of the threshold current. This difficulty has been overcome by Tschirjew [1877], who 
ligated the nerve between the electrodes and moved the nerve so that the distance from 
cathode to ligature (= interpolar length) was varied, but the total length of nerve between 
the electrodes remained constant; by Cardot [1914], who placed in series with the nerve 
@ resistance large enough to swamp that of the nerve; and in the present paper where a 
galvanometer has been used of sufficient sensitivity to read the threshold current directly. 

This difficulty does not arise if the interpolar length is varied by immersing the nerve 
in a fluid bath through which the current is passing. Marcuse [1877] varied the interpolar 
length by altering the amount of nerve which dipped into the solution, and the writer 
[1927] by altering the field in the fluid through shifting the plate electrodes. As was shown 
graphically in the former paper of the writer [1927, Figs. 2 and 3] all these workers by 
their different techniques obtained essentially the same relation between threshold and 
interpolar length. 

The explanation of this relation has naturally been that the polar 
activity at the cathode from which excitation results is in part neutralized 
by an opposite activity at the anode and that this neutralization occurs 
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to a greater extent the closer the electrodes. So far the explanation 
amounts to little more than a restatement of observation, it is when we 


_ ask whether the neutralization is chemical or electrical, whether it is 


propagated from one electrode to the other as a wave, or whether the 
state develops as instantaneously as the current, that we find divergence 


ee ot opinion and vagueness of idea. 


In a former publication [Rushton, 1927]. the writer investigated a 
concept which is explicit, simple, and which accurately fitted the obser- 
vations. According to this view a nerve fibre is regarded as having a 
relatively conducting core surrounded by a very resistant sheath. For 
definiteness we may regard the axis cylinder as the core and the myelin 
sheath as the surrounding insulator. Outside the sheath there is inter- 
stitial fluid which becomes practically infinite in amount when the nerve 
is immersed in Ringer’s fluid, but which cannot be reduced to negligible 
proportions by any form of blotting or drying compatible with main- 
tenance of nerve excitability. 

Owing to the high resistance of the myelin sheath, it is assumed that 
the current can flow in the interstitial fluid among the fibres so much 
more readily than it can penetrate to the axis cylinder, that each nerve 
fibre will be affected similarly and in each case the flow of current will 
be radially symmetrical about the axis of the fibre. Since excitation 
occurs at the cathode, it is assumed to be produced by the current which 
leaves the core by passing through the sheath at that place. 

Now with regard to the relation between threshold and interpolar 
length, the assumption is of the simplest. It is supposed that the same 
current has to leave through the sheath at the cathode whatever the 
interpolar length. When the electrodes approach one another the thres- 
hold rises because a smaller fraction of the applied current crosses the 
sheath at the cathode. In a rough way this can easily be appreciated, 
for if Fig. 1 represents the resistance plotted against interpolar length 
(a) of the interstitial fluid, (b) of the nerve fibre, it is seen that the former 
is proportional to the length, but the latter resistance is made up of 
two parts, that due to the double transversal of the sheath (horizontal 
line) plus the resistance of the core which is proportional to the length. 
It is thus obvious that for short interpolar lengths (6) becomes many 
times as resistant as (a), and consequently only a small fraction of the 
applied current will enter the nerve at all; the greater part will flow 
entirely in the interstitial fluid. 

But though the above considerations are well enough as a means of 
getting a rough idea of the variation of current distribution with inter- 
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polar length, it would be quite misleading to apply this concept (as 
unfortunately has been done not infrequently) as a quantitative basis 
for investigation. 


For the current does not enter and leave through the sheath merely 


at the points under the two electrodes, but in some degree over quite a 

length of the nerve. The reason for this can be seen very easily, for, if 
the current all crossed the sheath at one point, the current density here 
would be infinite and hence the potential drop across the sheath would 


(b) 


Length 


Fig. 1. Schematic representation of resistance as a function of length of nerve. 
a, resistance of interstitial fluid; b, of nerve fibre. 


also be infinite; whereas this drop can only be a fraction of the applied 
potential. Again, since both in the interstitial fluid and in the core the 
potential does not vary suddenly from point to point, the potential 


difference across the sheath will not vary suddenly, and hence the density _ 


of current crossing the sheath will fall off but gradually from the maxi- 
mum value under the electrodes to zero at the points midway between 
them and far away in the extrapolar regions. 

It thus appears that a quantitative study demands somewhat closer 
attention to the distribution of current in the nerve than is possible from 
intuitive consideration, and in the former publication this was supplied 
by a mathematical treatment, which, though correct, was clumsy and 
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unnecessarily forbidding. As a result of this treatment a theoretical 


_ relation was obtained between threshold and interpolar length, which 


fitted the observations excellently, as is seen from Fig. 2 of the former 
paper [Rushton, 1927] which gives the experimental results and the 
theoretical curve. From these results it follows that the rise of threshold 
with shorter interpolar lengths can be quantitatively explained as the 
result of the smaller fraction of the applied current which actually 
crosses the sheath at the cathode in these circumstances. 


‘Length 
Fig. 2. Diagrammatic relation between resistance of nerve and interpolar length. 
Now before any theoretical curve can be compared with experiment, 


= _ suitable values have to be assigned to the theoretical constants. In the 


present case the resistances of the various parts of the nerve enter into 
the equation as a single constant 

resistance of sheath x mm. 

resistance of core/mm. ° 

This constant A was called “the analytical unit of length” and was found 
to have a value of about 5mm. But since A is a definite physical con- 
stant, it should be possible to measure it by purely physical means, so 
that if it turns-out to have a value not of 5 mm. but of 500 or 0-05 mm. 
it is clear that the theory,of current distribution is quite inadequate to 
explain the strength-length relation, for the coincidence between theory 
and observation would vanish utterly upon correct scaling. If on the 
contrary A was found physically to have the value required to fit the 


A=, 


Site, 
‘tal 
5 
rer 
A 
8 
3 
4, 
A 
“* 
‘ 
é 
> 
a 
» i 
+ 
+ 
ig 
hy 


336 W. A. H. RUSHTON. 


excitability curves, then the above explanation of the strength-length 
relation becomes no longer theory but fact. w 

Unfortunately A is not at all easy to measure, and I have only recently 
found a method which will yield results. The principle of this method 
is as follows. 

If the resistance of a nerve is found for different interpolar lengths 
it is not proportional to the length as (a) Fig. 1, nor is it linear as at (6). 
It has in fact the shape shown in Fig. 2. For great lengths it is straight, 
but for shorter lengths the slope of the curve becomes steeper and 
steeper. It cuts the vertical axis at a point representing the resistance 
of the electrodes, circuit, etc. This shape of the curve is to be expected 
from the assumption already made as to current distribution, for with © 
short lengths the current is mainly in the interstitial fluid, but with great 
lengths the axis cylinders also contribute to the conduction. Hence the 
greater the length, the greater the contribution of the cores, the less the 
resistance of nerve per length, and hence the lower the gradient of the 
curve. = 

Now by analysis of this curve it is possible to derive the three 
resistances which the theory involves—that of the core, the sheath 
and the interstitial fluid—and hence to determine A by purely physical 
measurements. 

The objects of the present investigation were therefore to make 
upon one preparation in comparable conditions the following observa- 
tions: 

(2) The relation between threshold and interpolar length when the 
nerve is in Ringer’s fluid. _ 

_ (6) This relation when the nerve is in air. 

(c) The relation between resistance and interpolar length in air. _ 

These three relations should each fit the appropriate theoretical curve 
and the constants should all be deducible from (c). 


Resistance measurements of different lengths of nerve have been made by many 
workers, but I know of none in which the current was comparable to that used to give 
rise to a single impulse. 

When a constant current has been used and the steady galvanometer deflection read 
as in the investigation of Rosenberg and Schnauder [1923], the polarization resistance 
measured may be very different from that existing during the first few milliseconds when 
alone the constant current possesses stimulating efficacy. When alternating currents are 
used as in the work of Lullies [1930] a similar current has to be used for the corre- 
sponding excitation measurements. This has the disadvantage that with symmetrical 
- electrodes there is danger of obtaining the threshold from the movable electrode, thereby 

complicating the results by introducing the local variation of threshold from point to 
point along the nerve. There is also the question of the rapid “inhibition” which a nerve 
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exhibits on repeated stimulation [Bugnard, 1934], which, though of the greatest interest, 
obviously complicates the problem. 


It is interesting, however, to note that the relation between resistance and interpolar 
length obtained by both these methods is of the same form as that to be described in the 
present paper. 

METHOD. 


The technical difficulties of the present problem fall under two heads, — 


(a) electrical sensitivity, (6) satisfactory electrodes. 

(a) The ‘“resistance’’ of the nerve which is to be measured will not 
be entirely ohmic, but will be largely made up of a back £.m.F. due to 
the polarizing action of the current. The resistance will thus be largely 


dependent upon the duration and form of the current used to measure it. _ 
Consequently, if we wish to measure the resistance responsible for current 


distribution during stimulation, it is essential to employ a current of the 
same form and duration as that used to stimulate. For reasons men- 
tioned later, this current was a rectangular pulse (i.e. brief constant 
current) of 0-8 millisec. duration. Now the threshold current for large 
interpolar lengths was about 2 microamperes, hence the quantity of 
charge passing through the electrodes was less than 2 x 10-* coulomb. 
It was therefore necessary to employ an electrical system of sufficient 
sensitivity to deal with such a small quantity. __ 

I was fortunate enough to be allowed the use of one of Prof. A. V. 
Hill’s Downing moving magnet galvanometers. The instrument had an 
internal resistance of 12,000 ohms and a sensitivity of 2-8 x 101° mm 
per coulomb at 2 m. scale distance. I found the galvanometer ready set 
up and so reliable that though quite inexperienced I never had the 
slightest trouble with it. 

Now when a current is passed through a nerve a polarization is 
produced which discharges again immediately the current ceases. It was 
important that this discharge should not enter the galvanometer, since 
In that case the deflection would be compounded of charge and discharge 
_» in a confusing manner. For this reason rectangular pulses were used 
in which the break of the circuit simultaneously stopped the excitation 
and cut off one galvanometer terminal from the tissue. The resist- 
ance of the circuit was thus found by passing the current pulse from 
a known constant voltage through nerve and galvanometer in series. 
The resistance of the circuit was taken as the ratio voltage : current 
through the galvanometer. 

Now for sensitivity it is important that the nerve should be the 
principal resistance in the circuit: hence the presence of 12,000 ohms 
internal resistance of the galvanometer was undesirable. But, worse, 
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this resistance is highly inductive, hence its value will appear greater 
when the resistance of the rest of the circuit becomes less (1.e. short 
- distance between the electrodes). 

Both these objections were overcome by placing a large capacity of 
104 F across the terminals of the galvanometer. This in effect com- 
pletely short-circuited the galvanometer during the brief passage of the 
stimulus, thereby abolishing both its resistance and inductance, but the 


= 


1000 Q 


Fig. 3. Circuit diagram. V, voltmeter; P, potentiometer; G@, sensitive galvanometer; 
ky, ky, keys of Lucas pendulum. 


whole current stored in the condenser was discharged through the galva- 
nometer within the subsequent fraction of a second. The circuit con- 
structed on the above lines is shown in Fig. 3. 

The voltage drawn from an accurately divided potentiometer of 30Q 
resistance was known from the reading of the voltmeter across the 
terminals. The duration of current flow was controlled by the keys k,, k, 
of a Lucas pendulum. 10,000 ohms in the circuit rendered the resistance 
of k, negligible. 10uF capacity across the galvanometer terminals had 
the advantages mentioned above, and a similar series capacity both 
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protected the instrument in case of k, accidentally being closed before k,, 
and abolished the steady deflection which would have been present 
owing to imperfections in the contact of k,, nerve injury potential, etc. 
The galvanometer shunt was a useful protection, but never employed 
during the actual measurements treated in this paper. 

(6) The question of satisfactory electrodes has been the main diffi- 
culty in this investigation, and though the results have been fairly 
consistent the question cannot be said to be satisfactorily answered. 

The first esgential is that electrodes should be really non-polarizable. 
‘Otherwise there are two objections; in the first place there arises in 
series with the nerve an effective resistance whose value varies with the 
resistance of the rest of the circuit in a manner difficult to assess, and 

in the second, there follows stimulation a fast “creep” due to changes 


Glass 


- Table 


Water 


Fig. 4. Stimulating chamber. Electrode tubes from calomel half-cells 
seen end-on as cirgles. 


at the electrodes, which makes any accuracy of galvanometer reading 
impossible. Ag-Ag(l electrodes prepared and used with all precaution 
proved much too polarizable to be serviceable. On the other hand 
calomel half-cells were entirely satisfactory from this point of view. 
They had the disadvantage of being of high resistance and difficult to 
apply accurately to the nerve. They were connected to wide tubes filled 
with Ringer’s fluid and plugged with agar-Ringer. 

The gastrocnemius-sciatic preparation of the frog (Hungarian Rana 
esculenta) was set up as shown (Fig. 4). 

The muscle was placed in a little detachable box, with a slot to allow 
the nerve to leave. This exit point was sealed with gelatine-Ringer and 
made watertight. The nerve was blotted free of most of the adherent 
superficial moisture and arranged on the table of the trough lying 
stretched parallel to its axis. Ringer’s fluid was poured into the de- 
tachable box to cover the muscle. The fixed cathode was applied to the 
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nerve as follows. A circular hole in the table received the upward-bent 
extremity of the electrode tube. A piece of blotting card with plane 
normal to the position of the nerve was inserted through the hole, sealed 
to the tube with agar-Ringer, and left projecting just above the plane 
of the table top. The agar did not completely fill the hole, and over all 
was poured a little molten paraffin wax. When this was set, it was 
shaved off flush with the table top revealing the moistened blotting card 
tightly set in insulating medium, the whole being a level surface upon 
which the nerve could be placed. The nerve therefore made a “point”’ 
contact with the edge of the card where it lay across it. The resistance 
of the electrode here was high, but immediately below the thin layer of 
wax the current entered the wide-bored tube. This electrode was satis- 
factory. The movable anode was applied to the nerve from above by 
a prismatic block of agar-Ringer, sealed into the electrode tube and 
strengthened and made rigid by blotting card and sealing wax. The 
prism edge slid easily over the nerve without dragging it, though to 
ensure good contact the nerve was pressed upon somewhat. Even so it 
is difficult to be satisfied that the resistance at the point of contact was 
always the same, and to avoid the possibility of some instrumental varia- 
tion being added to the variation of resistance with interpolar length, 
which is to be measured. The most serious defect, however, was con- 
nected with surface tension; for there was some tendency for moisture 
to collect about the electrode and be conveyed along the nerve when 
this was moved. 

These errors are not very gross, but the actual quantitative values 
should be accepted with diffidence. 

It: was of prime importance that the stretch of nerve investigated 

‘should be unbranched and uniform. This condition was satisfied more 
or less by the sciatic nerve of large Hungarian frogs in which 25 mm. 
could be obtained between the knee and the large branch to the adductor 
muscles, though there was commonly one very fine branch given off 
from this stretch. 

The actual course of an experiment was as follows. The nerve was 
dissected out, set up as described and left for some hours to reach 
hygrometric equilibrium. 

The galvanometer deflections were found for various 
lengths when a rectangular pulse of constant voltage was applied which 
always was either subthreshold or just above threshold for great lengths 
(the resistance appeared uninfluenced by the presence of a nervous 

impulse). The deflections were calibrated by substituting known instru- 
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mental resistances for the nerve and its electrodes. The threshold voltages 
were then found for the same interpolar lengths. The measurements were 
repeated and varied in certain ways to be described. 


Sometimes the threshold current and not voltage was read, 
measurements were taken with voltages which were made just subthreshold for each 
electrode position, instead of being kept constant. None of these changes seemed to have 


first described was found most convenient, 


RESULTS OF RESISTANCE MEASUREMENTS. 


From the foregoing section we have seen that two quite distinct 
observations were determined upon the same preparation in precisely 
the same conditions: 

_ (a) The relation between resistance and interpolar length. — 

(6) The relation between excitability and interpolar length. 


Ohms 
40000 


j i 
0 2 5 10 15 20 mm. 


Fig. 5. Relation between resistance and interpolar length of: A, rod of agar-Ringer; 
__ B, uniform strip of Ringer-moistened filter paper. 


(a) is a purely physical measurement having nothing to do with 
excitable structures. It may be made upon a uniform rod of agar-Ringer 
in place of nerve, the results in this case being shown in Fig. 5A or a 
uniform strip of Ringer-moistened filter Paper (Fig. 5B). (6), on the 
contrary, depends upon the excitable properties of living nerve. 
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Now if we consider Fig. 5 it is clear that the resistance at zero inter- 
polar length is that due to the electrodes and contact with the surface 
of the rod. Assuming this to be the same for all interpolar lengths the 
resistance of the rod is given by the height of ordinate above this zero 
value, i.e. the excess of total resistance over the electrode resistance. This 
is exactly proportional to the interpolar length as was to be ed 
_ in the case of a homogeneous conductor like the agar rod. 


Fig. 6. Relation between resistance and interpolar length of nerve. Continuous line 


drawn asymptotic to curve for great lengths. ee ee 
parallel to continuous line. 


Consider the curve of Fig. 6 on the other hand; this is straight for 
interpolar distances greater than 10 mm., but for shorter distances the 
resistance decreases faster than linearly and a curve is obtained of the 
form anticipated in Fig. 2. The circles (Fig. 6) are obtained by reading 
the galvanometer deflection for the corresponding interpolar length, 
and finding the corresponding resistance from the galvanometer cali- 
bration. The horizontal axis is drawn through the point where the 
curve cuts the vertical axis, i.e. ordinates represent resistance ot 
nerve free from electrode resistance. 


The fact that the resistance of nerve is not proportional : its length 
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has often been attributed to the added resistance of contact between 
electrodes and nerve. This, however, would give the linear result of 
Fig.’ 5. The curve of Fig. 6 depends upon a more complicated question, 
namely the distribution of current across the sheath between core and 
interstitial fluid. 

With regard to the theoretical shape of the curve (Fig. 6), I do not 
think that it can easily be determined except through mathematical 
considerations. These are given in simplified form in a later section of 
the present paper. The considerations are identical with those of the 
former paper [Rushton, 1927] except that the present case is a little 
more general, and the treatment much less cumbrous. In the case treated 


_ the resistance of the sheath is assumed to be uniform. Actually it seems 


very likely that the current enters through the nodes of Ranvier more 
easily than elsewhere. This appears probable a priori; it would account 
for the observed differences in the shape of the strength-duration curves 
of nerve and muscle, and for the relative independence of excitation 
time of the former and dependence of the latter tissue upon electrode 
size. 

The distribution therefore should be considered with reference to 
nodal leaks as well as leaks across the sheath in the internodal regions. 
This adds so considerably to the mathematical complexity that I have 
not here given this treatment, which I hope to publish shortly elsewhere. 
Suffice it to state that the forms of the curves considered in this paper are 
mathematically identical in the two cases, and that the argument worked 
out here on the assumption of a uniform leak is in no way affected if 
we consider the current to enter largely through the nodes of Ranvier. 

Now the results of this mathematical analysis are very simple and 
are described in non-mathematical language in the summary to the 
mathematical section. The resistance for great interpolar lengths should 
coincide with a straight line, and for shorter lengths the ordinate differ- 
ence between curve and line should vary in an exponential manner. 
Fig. 6 shows that the theory is more or less justified by the facts, but 
in order to test whether the curve is accurately exponential we plot the 
logarithm of the ordinate difference against interpolar length and the 
result should be a straight line. 

This has been done in Fig. 71, where it is seen that the points in 
question (circles) fall very exactly upon a straight line. We thus observe 

1 Actually the circles of Fig. 7 correspond to the crosses of Fig. 6. The significance of 


‘with less random error. Hence this curve is an exponential. : 
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that the form of the curve relating resistance and interpolar length is 
quantitatively exactly as predicted on the cable assumptions. 

We can, moreover, obtain the three resistances in the tissue—that 
of sheath, of core, and of interstitial fluid—from the following three 
measurements: 

(i) The slope of the straight line in Fig. 6. 
(ii) The point where this line cuts the vertical axis. 
(iii) The slope of the line in Fig. 7. 


Ohms 
20000r 


0 | 5 10 mm. 

Fig. 7. Abscisse: interpolar length (uniform scale). Ordinates, circles: resistance of nerve 
in air (logarithmic scale), Ordinates, crosses: reciprocal threshold in arbitrary units 
of nerve in Ringer’s fluid (logarithmic scale). 

All these measurements may be made with fair accuracy, and hence 
the constants of the equations are no longer athiteary but peny 
determined. 

RESULTS OF EXCITABILITY MEASUREMENTS. 


Turning now to the question of excitability, the experimental mea- 
surements give either the threshold galvanometer deflection, or else the 
threshold voltage, which, in conjunction with the known resistance of 
the nerve, also allows the threshold current to be obtained. 
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This is the current which flows through the electrodes, and then 
largely passes outside the nerve in the interstitial fluid. What interests 
us is that fraction of the current which traverses the sheath at the 
cathode for each position of the electrodes, Let us name this the “pene- 
trating fraction” at the cathode. This fraction may be calculated, free 
from arbitrary constants, by the equations in the Mathematical Section 
into which the appropriate values of the various resistances have been 
inserted. But the result may be appreciated very readily by reference 
to Fig. 6. If from the origin we draw a line (intermittent) parallel with 
the continuous line already drawn, then the ordinate difference between 
the curve and this line is proportional to the penetrating fraction at 
the cathode. We see that at small interpolar lengths practically none of 
the current crosses the sheath, and that the quantity crossing is increased 
by increasing interpolar length but only up to about 10 mm., beyond 
which length the fraction remains constant. Thus, to find the cathodal 
penetrating current for any interpolar length, we must multiply the 
ordinate difference of Fig. 6 by the observed threshold current through 
the electrodes for that length or (what is the same thing) divide the 
ordinate difference by the reciprocal threshold. 

Now the reciprocal threshold current is plotted in Fig. 6 as an ordinate 


“measured from the intermittent line for each interpolar distance, and 


the results are shown by the crosses which are seen exactly to coincide 
with the curve already obtained. This means to say that the ratio . 


for all interpolar distances, or the threshold current crossing the sheath 
_ at the cathode is always the same. : 


; 


The fact that the above ratio is unity rather than any other number is merely due to 
the scaling of the reciprocal thresholds, because the coincidence of the curves of crosses 


- and circles is much easier to appreciate than merely a constant ratio of their ordinates. 


The significant feature is that the ratio is constant (permitting coincidence by suitable 
scaling), and hence involving necessarily that the same current always crosses the sheath at 
the cathode in the condition of threshold excitation, no matter what the interpolar length. 


We may thus conclude that the assumptions and interpretations of 
former papers [Rushton, 1927, 1928a, 6] were correct, that the “ana- 
lytical unit of length” has the physical significance formerly given to it, 


- and that the rise of threshold which occurs when electrodes are close 


together is‘not due to any chemical or “physiological” neutralization, 


: but is merely due to the antieipens and measured alteration in current. 
distribution. 
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NERVE IMMERSED IN RINGER’S FLUID. 


When a nerve is immersed in Ringer’s fluid, the surrounding inter- 
stitial fluid may be considered of infinitesimal resistance (so much fluid 
being present in parallel), and hence the conditions of current distribution — 
should be at once obtained from the measurements in air by substituting 
zero for the previous value of the interstitial fluid resistance. It is clearly 

_profitless to make any resistance measurements upon immersed nerve, 
since one will only in fact be measuring the resistance of the Ringer, but 
excitability measurements may be made for different interpolar lengths 
precisely as in the former paper [Rushton, 1927]. 

The preparation in Figs. 6 and 7 was in fact set up in a trough, and 
thresholds obtained for various interpolar lengths in the immersed con- 
dition. If the reciprocal of these thresholds were plotted on Fig. 6 they 
would lie on a curve which did not coincide with the curve of crosses. 
The form of this curve, however, is better displayed by plotting it in 
Fig. 7, where it is seen to lie also on a straight line (crosses) though of 
different slope from the line of circles. : 

In fact the line in question was not drawn with a slope to fit the 
points, but with the slope deduced from the resistance measurements on 
the nerve before it had been placed in Ringer. 

Thus not only do the theoretical concepts fit the observations in a 
quantitative fashion, but also the actual physical significance of these 
concepts appears to be correct in so far as they have been checked by 
physical measurement and change of physical conditions. 


MATHEMATICAL SECTION. 

The object of this section is to calculate from the assumptions of 
the foregoing paper the current distribution in nerve, and in particular 
to obtain expressions for the two relations which have been experi- 
mentally obtained, namely that between interpolar length and resistance, 


and that between interpolar length and that fraction of the applied 
current which crosses the sheath at the cathode, i.e. the penetrating 
fraction. 
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Let r =resistance of interstitial fluid/length to axial currents; 
o =resistance of core/length to axial currents; 
R =resistance of sheath x length to radial currents; 
yy —s of nerve as measured between the electrodes; 
“= 
a2 =distance measured along nerve from apne between 

electrodes; 

s =distance apart of electrodes; 
V,= potential of core at 2; 
U,,=potential of interstitial fluid at 
4, =current in core at 2; 

I,—t, =current in interstitial fluid at 2; 

_ I, =current through electrodes. 

I, =I, when —8s/2<x<s/2, otherwise I,=0. 


Now by Ohm’s Law 

dV . aU 

Ug, 1 [#2 dU 
r [#2 8/2 
dV aU 
But from (1) (3). 
Integrating we obtain | : 


a= thes -(r+0) |" ide 
Substituting in (2) | 

Pats — thes —(V —U)ya+(V —U) as} 
{(V —U)sj2—(V 


This result has been obtained without reference to R, the resistance 
of the sheath, which may consequently vary in any manner from point 
to point without affecting the result. 

If we consider the conditions at the cathode to be equal and opposite 
to those at the anode then (V—U),;.= —(V—U)_,. and we get the 
simplification or (V 


Thus 7 plotted as a function of s the interpolar length is made up 
of two terms. The first is proportional to s and is plotted as straight line 
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through the origin (intermittent line, Fig. 6). The second term to be 
added to this is proportional to the potential difference across the sheath 
at the cathode, which in turn is proportional to the current crossing the 
sheath at this point. 
Now if we assume that F is a constant: 
Current leaving the core at x 


(5), 


which from (3). 


as may be verified by difierentistion, the particular integral being that 
which causes ¢ to vanish for x= + 00. 
Current crossing the sheath at the cathode 


But since in the present case J,=J, when —5<2<5 and zero else- 


here 
(6). 
Combining (6) with equations (5) and (4) we obtain 


From (7) we see that the observed resistance 7' as a function of s, 
the interpolar length, for great values of s coincides with the straight 
line (continuous line, Fig, 6) 

T=ms +c, 

ro 

When s is small 7’ diverges from the straight line by a quantity which 
is an exponential function of s. 

Hence when this is plotted on semi-log paper as in Fig. 7 the relation 


becomes linear. The gradient of this line which can be measured accu- 
rately is —1/A, 


“where 
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The gradient m above, and the intercept c on the vertical axis can 
also be accurately measured. 


From these three constants, r, c, R may be found. For a (8) 
| m+5= (o+r)=r 


(9). 


R= (o+r) 


When the nerve is immersed in Ringer’s fluid r =0, o and R remaining 
unchanged. 
Let A become Ap, hike: 


Thus the change in A on immersion is found from the three constants 
in air. 


In the case in Figs. 6 and 7 


c= 16,000 ohms | | 
m= 2650 ohms/mm. (35) +2-08. 
\=2-9 mm. | — 


As is seen from Fig. 7, A, was found to be 5-2 mm. 


Summary of mathematics. 

Assuming that the nerve is a uniform leaky cable without capacity, 
we derive the following relations: 

(a) The resistance as a function of interpolar length is as represented 
by the curve of Fig. 6. For great lengths it coincides with a straight line; 
for shorter lengths it diverges from the line exponentially (formula (7)). 
_ (b) The fraction of the applied current which crosses the sheath at 
the cathode is the same exponential function of the length (formula (6)). 

(c) From this same formula it appears that if (F Ze). (i.e. the pene- 

trating current at the cathode) is constant, the reciprocal of I, is pro- 
portional to the same exponential. Thus the resistance, 7’, is the sum 
of a quantity proportional to s (the intermittent line, Fig. 6), and a 
quantity proportional to 1/J,, i.e. when the reciprocal thresholds are 
added to the ordinate of the intermittent line (giving the crosses, Fig. 6) 
they should coincide with the curve of resistance (circles). 

The fact that this is the case substantiates the assumption that (7) 


is constant and that the foregoing treatment of current distribution is 
valid. 
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(d) From the curve of resistance against interpolar length, the re- 
sistances of the core, the sheath, and the interstitial fluid may easily 
be found (formula (9)). 

(e) When the nerve is immersed in Ringer’s fluid, the exponential 
constant will change in a manner easy to compute (formula (10)). 

The experimental data throughout are accurately fitted by the theory. 


Discussion. 


The structure and electrical properties of any irritable tissue are so 
complex that some degree of simplification becomes imperative if physical 
concepts are to be applied profitably. In the present instance a very 
great limitation has been set to the phenomena observed in that the 
stimulus has in all cases been a constant current of 0-8 millisec. duration. 
But this-btings the immense simplification that the time function of the 
excitation process is removed from our present considerations. We have 
in fact to deal with efficacy of excitation as a function only of the spatial 
distribution of current. In the conditions of these experiments we may, 
without serious error, speak of the “resistance” of the sheath and the 
core of the nerve, but it will almost certainly be found that these “‘re- 
sistances” are functions of the duration of current flow, and that they 
will have different values when the stimulating current has a different 
time course. Capacitative systems are known to have a “resistance” 
whose value depends upon the time course of the current resisted, and 
a nerve is known to be in this sense a capacitative system. 

These considerations, however, while pointing the way to an im- 
portant development of the present investigation, in no way affect the 
argument of the present paper. We have here noted the constant applied 
E.M.F. and measured ballistically the total current flowing in the given 
0-8 millisec., and the resistance has been defined as the ratio of these 
two quantities. All the foregoing arguments relative to current distri- 
bution are therefore essentially correct if by “current” we understand 
the average current flowing during the 0-8 millisec. interval, and by 
“resistance” we understand the average value of the momentary re- 
sistance to current flow during this interval. With this understanding 
we may review the results of this paper. 

We set out with a simple physical concept of the structure of nerve 
from an electrical point of view. 

The measurement of the resistance as a function of the interpolar 
length gave a curve which accurately fitted the derived equation. From 
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this it was possible to calculate the current distribution in the nerve and 
its surroundings both in air and when immersed in Ringer’s fluid. In 
particular it was possible to compute what fraction of the current 
measured in the galvanometer actually crossed the nerve sheath at the 
cathode. This in conjunction with the measurement of threshold currents 
allowed the threshold cathodal current to be computed. It was found 
that excitation was brought about by the same current crossing the 
sheath at the cathode no matter what the interpolar length—that in fact 
the observed variations in threshold were merely compensations for the 
variations in current distribution with different electrode positions. 
Accepting, now, the constancy of the threshold cathodal current, the 
variation of threshold with interpolar length was calculated with the 
altered current distribution consequent upon immersion of the nerve in 
Ringer’s fluid. 

In all these measurements there has been complete accord between 
theory and observation, and the only arbitrary constant involved has 
been the absolute value of the cathodal penetrating current necessary 
to excite, which cannot be computed from physical considerations. 

It is hardly necessary to remark that the constancy of the cathodal 
penetrating current relates only to a given fixed point on the nerve, and 
a given fixed duration of current flow. Variation of the former probably 
and of the latter certainly will necessitate a new value of this current, 
but when the only variation in question is the position of the other 
electrode, the cathodal penetrating current is constant. 

Finally, I must repeat that the electrode system here employed was 
far from ideal, and no undue weight should be attached to the actual 
numerical results. A small alteration in the slope of the straight line 
in Fig. 6, for instance, results in considerable changes in the deduced 
resistances of core, sheath and interstitial fluid. | 

But of the main conclusions of this paper, I think, there can be little 
doubt, since theory and observation appear to agree 80 closely when 
tested in several ways. 

It is hoped that an improvement of the electrode system will allow 
this work to be extended. 


SuMMARY. 


In a former paper [Rushton, 1927] the dependence of threshold 
upon interpolar length was explained upon the basis of the distribution 
of current in nerve. The explanation fitted the observations quantita- 
tively with the aid of two assumptions—the threshold current leaving 
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- the cathode was supposed to be the same whatever the interpolar length, 
and the ratio, resistance of sheath: resistance of core, was assumed to 
have a certain value which fitted the observations. 

In the present paper both these assumptions are investigated and 

found to be correct. : 

| The resistance of nerve is measured using a subthreshold constant 
current of 0-8 millisec. duration, and from the relation between resist- 
ance and interpolar length the current distribution in nerve is found 
free from arbitrary constants. | 

Measurements of threshold current in identical conditions allow the 
threshold current crossing the sheath at the cathode to be found, and 
it proves to be the same for all values of interpolar length. 

Accepting this, the strength-length curve may be calculated both 
for nerve in air and in Ringer’s fluid. Both curves coincide with the 
observed results. 

Thus the assumptions of the former paper are justified and the rela- 
tion between threshold and interpolar length is merely dependent upon 
the distribution of current in the cable-like structure of nerve. 


It is a pleasure to express my thanks to Prof. A. V. Hill for his advice and for the use 
of his galvanometer, to Prof. Barcroft for the loan of a Lucas pendulum, to the 
Government Grants Committee of the Royal Society for apparatus used, and to the 
Medical Research Council for grants defraying the expenses connected with this work. 
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THE RATE OF DEVELOPMENT AND SPREAD 
OF ELECTROTONUS. | 


By J. YULE BOGUE! anp H. ROSENBERG!. 
(From the Physiological Institute, Tierdrztliche Hochschule, Berlin.) 
(Recewed June 23, 1934.) 


Dvurine the classical period of electrophysiology the speed of the electro- 
tonus propagated along the nerve was a problem treated in experiment 
and theory by famous workers. It is not necessary to recapitulate the 
historic evolution of this question since it is described in detail by Bieder- 
mann [1898] and critically discussed by Cremer [1909] and again in 


1929 by Broemser whose review showed that no further progress had — 


r 


(a) (8) 


Fig. 1. Scheme representing the electrical properties of nerve by means of condenser and 
resistances. (a) c, r and 1, fixed; (b) r and r, fixed, (Ar) and (C,) variable with time. 


been made. There was the fundamental controversy as to whether 
electrotonus was propagated instantaneously to the farthest points when 
the polarizing current was switched on, or as to whether it travelled along 
the nerve as a wave of finite velocity. 


Proceeding from the conception that an ideal polarization cell below the 
electrolyzing potential acts as a condenser of distinct capacity Hermann 


* [1905] replaced his kernleiter by a combination of condensers connected 


by non-inductive resistances. Since during the stationary state of the 
electrotonus a constant current is maintained, which is comparable to the 
small rest current flowing when a potential is applied to uncorrodable 
electrodes (e.g. Pt in aqueous solution of HCl), the condenser has a leak 
which is shown in the scheme (Fig. 1a) by a resistance r, parallel to the 


. Now at the Department of Physiology and Biochemistry, University College, London. 


ant 
Big 
| 
i 
if 
if 
if 
q 
i 


— 
‘ 
353 
> 
ja 


354 J. Y. BOGUE AND H. ROSENBERG. 


condenser c. In the combination (Fig. 2) one side of the connected con- — 
densers (AB) represents the sheath, the other side (CD) the core, while 
the short-circuiting resistances 7, represent the resistance across the 
surface between core and sheath. Here “‘core’’ means the wire, “sheath”’ 
the fluid of the kernleiter model, both previously not being identical to 
special structures of nerve. Since in this case the core has a resistance 
considerably smaller than that of the sheath, Hermann probably 
assumed it to be sufficient for a simplified mathematical treatment to 
concentrate the resistances of core and sheath in each link into one 
resistance r. Supposing the nerve fibre to be so thin that the other di- 
mensions are to be neglected as compared with the length, Hermann 
derived from this model the differential equation for the continuous linear 


capacity conductor - =¢ a — bu, where u is the potential of the 
charge at the point x for the time ¢ and a? and 6 are constants defined by 


C—> D 


> > > > 
==> +3 ==> ==> 7, 
A AiAAA AAA 
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Fig. 2. Scheme of the composite capacity conductor with three fixed magnitudes c, r and r, 
(after Hermann). AB sheath, CD core. Polarizing potential applied to two points of . 
the sheath. 


the values of r, r, and ¢ per cm. (r, being inversely proportional to the 
length). The same equation had already been obtained by Cremer [1899] 
for the propagation of polarization in a kernleiter and expounded in 
relation with the analogy to the heat equation [1900, 1909]. If constant 
heat is suddenly supplied to a cross-section of a long thin cylindrical rod 
theoretically the temperature begins to rise instantaneously in all parts of 
the rod (although in reality it is some time before a measurable difference 
is established). Gradually the heat is distributed through the whole solid 
while simultaneously its surface loses heat. Finally an equilibrium is 
reached ; the heated cross-section has the maximum of temperature which 
exponentially falls along the rod. The increase of temperature at the 
heated cross-section is supposed to have the same temporal rise as the 
development of polarization which follows the probability integral 
¢ (7) (Cremer, 1932a and 6]. The integral for the extrapolar electro- 
tonic potential u from the above formula [Hermann, 1905] permits the 
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conclusion that this potential commences its development at all points at 


the same instant that the polarizing current begins to flow, but that the — 


steepness of the rise gradually diminishes with increase in the distance 
from the pole. The electrotonic potential tends towards a final value 
which is the same for an- and catelectrotonus; when the stationary state 
is reached the final values in the extrapolar region fall also along an 
exponential curve. This stage is conditioned by the transverse resistance 
r, and independent of the capacity which only influences the rate of 
development. Cremer considers Hermann’s function to be true only 
for a kernleiter with a metallic component, where either the sheath or 
the core has no resistance, but not to be valid for the real conditions of 
nerve, Cremer claims that he found himself a general solution U,, 
which gives the rate of polarization i in nerve for every distance é and 
time 7. The function U,, is transformed into the expression ¢ (1/7) if 
£=0 (private communication). 

The scheme using three fixed magnitudes is probably a fair descrip- 
tion of the very first part of the development of polarization and electro- 
tonus, involving only a small fraction of a millisecond. Alterations of the 
polarization capacity, however, appear very quickly ; these were observed 
on membrane kernleiter and nerve by Lullies [1930] and Labes [1932]. 
The dependence of resistance and polarization to alternating currents 
upon the frequency and upon the distance of the electrodes induced them 
to assume that the capacity (C,) was a function of the time and that a 
variable resistance (Ar), also increasing during the flow of the current, 


was in series: with the capacity (Fig. 1b). The polarization capacity — 


consists of two components: (a) the double layer capacity of the 


polarizable boundary surface, corresponding to an electrostatic capacity — 


which stores without loss—this form of capacity prevails in uncorrodable 
electrodes below the, electrolyzing potential; (b) the diffusion capacity 
with loss of charge by diffusion—this electrolytic capacity generally pre- 
vails in reversible electrodes, the so-called nonpolarizable electrodes. The 
apparent increase of resistance (Ar) represents this loss due to diffusion. 
In addition Lullies and Labes also complete their scheme with the non- 
polarizable resistance r, , short circuiting the capacity (C,,), and the “true”’ 
resistance r, which is measured by high frequency current, whereas the 
sum of r +7, is determined by direct current’. 


1 For the differences between electrostatic and electrolytic counter-E.M.F., in mathema- 
* tical and physical respects, see Cremer, 1909, p. 918. The “true” capacity which Cremer 

[19326] attributes to the nerve is a consequence of the heat equation and not identical with 
the usual definition. : 
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Therefore we have to expect that even during the first millisecond 
(msec.) of a rectangular shock polarization and electrotonus show devia- 
tions from the curves yielded by the original theory, unless the losses 
through the shunt resistances 7, predominate. In this case the simple 
scheme with constant r, 7, and c gives an adequate expression for com- 
paratively long times. (Progressive slow changes of the membranes 
are outside these considerations.) It seems unnecessary to enter into 
Hermann’s version introducing an inductance in the resistance r, since 
there is no experimental evidence for such an assumption. 

In. nerve Weiss and Gildemeister [1903] found that the anelec- 
trotonus was capable of outrunning the impulse, hence proving a very 
high or even infinite velocity, whereas Tschirjew [1879] obtained the 
opposite result. Likewise in rheotomic experiments Hermann and 
Weiss [1898] found the velocity of an- and catelectrotonus to be con- 
siderably larger than that of the action current, while Bernstein [1886] 
found it distinctly smaller (Hermann’s objections to Tschirjew and 
Bernstein are summarized by Biedermann). 

The indirect evidence for the velocity of the electrotonus is hardly 
satisfactory, especially since the catelectrotonus, which is most important, 
cannot be tested even with an approximate exactitude in the same manner. 
The direct observations were imperfect because of the inertia and in- 
sensitivity of the recording instruments formerly used. To get a current 
of sufficient intensity a polarizing current of considerable strength was 
applied. In this case the analysis of the curve was disturbed by the action _ 
current wave, and the danger of a common leak of the polarizing current 
was almost unavoidable. Moreover, with the means available it was not 
possible to obtain an undistorted record from a single make or break of 
the polarizing current on the medullated nerve. The advent of amplifier 
and oscillograph made it opportune to reinvestigate the problem, especially 
since it was uncertain that the bundle of fibres in the nerve with its 
connective tissue would act like a simplified linear model, as Hermann 
himself explained. 

It was the object of the present work to pursue by physical means how 
far the calculated relations, derived from Hermann’s and Cremer’s 
theories, which should describe the development of electrical states in 
nerve, corresponded with experimental facts. 
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d | METHODS. 
experiments were started in 1928, and preliminary communica- 
oa tions were made by Rosenberg [1931, 1932], who gave records showing a 
ae correct curves of the development and disappearance of the electrotonic 1 
r } potentials in the frog’s nerve both at the electrodes themselves and at q 
-yarious distances. As recording instruments the amplifier and Siemens 
if oscillograph were used, the efficiency of which had been tested thoroughly | 1 
“ by Rosenberg [1929]. The natural frequency of the loops of the i 
2 oscillograph, slightly underdamped, was nearly 7500 cycles per sec. (for q 
‘ - eorrect damping see Hofmann, 1933); the delay of the full deflection of a 
y a rectangular shock applied to the grid amounted to about 0-05 msec. i: 
Deflections produced by the sudden making of a constant E.M.F. declined 
: _ gearcely 10 p.c. during 0-02 sec., and records of potential changes of 
d 


n 
it Fig. 3. N, drawing-paper strips. P," P, polarizing 


different slopes and durations (up to about 0-003 sec.) coincided exactly — 
| _ with the real shape within the limits of error. Therefore the course of the 
y electrotonus during the first millisecond can be read from the film without 

_ analysis. During the work we built a condenser-coupled amplifier with 


a the same characteristics, but with increased sensitivity and stability; the { 
a amplification generally needed for these observations did not require i 
‘ earthing of the apparatus. Potential variations only were recorded, since 3 t 
the input resistance was 2-5 megohms. The constant deviation produced ‘ 


by the anode current of the last stage was balanced. } 

A special shielding box contained the dry cell supplying the polarizing q 
current, the small potential divider consisting of resistances without q 
inductance and capacity and the key which was operated from the out- a 
side. The polarizing electrode P, (Fig. 3) was connected to the wall of q 
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this well insulated box. The nerve lay in a moist chamber on the edges of 
vertical strips of wet drawing paper, with their ends dipping in Ringer’s 
fluid. Several strips of the paper were so arranged as to allow changing of 
the distances without touching the nerve. For both circuits unpolarizable 
electrodes of the Zn-ZnSO, type after von Fleisch! [1876] were used. 
They have the advantage of being constant and durable if kept in Ringer’s 
fluid when not in use; the resistance of a pair is about 10,000 ohms. For 
some purposes, particularly for cooling the nerve, a special moist chamber 
with a series of horizontal zinc strips at suitable intervals was made. The 
strips were freshly amalgamated and covered with two layers of wash- 
leather, the lower soaked in concentrated ZnSO, solution, the upper in 
Ringer’s fluid. On the latter a small prism of burned kaolin, boiled in 
Ringer, was laid in order to obtain a narrow contact with the nerve. If 
the set-up is properly made there is no danger of injury to the nerve. The 
resistance of the electrodes is of the order of some thousands of ohms— 
depending upon the contact on the edge of the prism. Here in the case of 
zero distance between the leading-to and leading-off electrodes, both 


wires are connected to the same metallic point. It is possible, however, — 


to avoid this disadvantage by bridging two separate strips of zinc and 
leather with the prism—thus realizing similar conditions to those obtained 
with the paper strips (see Fig. 3). 

By cooling with melting ice the temperature inside this chamber re- 
mained fairly constant between 2 and 3°C. for several hours. Before 
placing the nerves (sciatics of Rana temporaria) in the chamber they were 
soaked at least for 1 hour in Ringer’s fluid at room temperature or at 
2-3° C. In the comparative experiments between warm and cold nerves 
we endeavoured to keep the resistance at the same low level by placing 
several nerves upon the electrodes. For instance, four nerves were re- 
quired to obtain a resistance of about 45,000 ohms per 2-6 cm. length of 
nerve (electrodes included) at 20° C., and eight nerves at 2°5°C. The 
resistances were measured with non-stimulating direct currents. The 
records taken from one nerve or four nerves at room temperature revealed 
no noticeable differences. 

The polarizing potential really applied to the nerve is unknown because 
of the fall of voltage along the resistances of the electrodes. At the end of 
every experiment, therefore, the potential on the nerve between the 
points of contact of the electrodes was measured by compensation. 
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RESsULTs. 


Obviously it is difficult and not always possible to prevent entirely any 
escape of the polarizing current, not due to the electrotonus itself, if the 
electrodes P, and A, (Fig. 3) touch the same point of the nerve, i.e. if 
the distance is zero. Schmitz and Schaefer [1933] were misled by such 
interferences as they found themselves later on [1934]; their records at. 
distances greater than zero, however, were also definitely distorted. In 
order to avoid errors in this direction a continuous control on dead nerves 


is required, a procedure usually adopted in Cremer’s laboratory. For 


this purpose we employed nerves which had been kept for several weeks 
in Ringer’s fluid, saturated and covered with toluol. In this fluid the — 
nerves preserve their flexibility and ohmic resistance [Rosenberg and 
Schnauder, 1923]. Such nerves for zero distance between P, and A, give 
between A, and A at the most a small percentage of the polarizing 
potential, whereas the living nerves yield nearly 40 p.c. under the same 
conditions. Therefore the electrotonus between the polarizing pole itself 
and a point as far as possible from it is about one-third of the polarizing 
potential—according to theory [see Hermann, 1905]. If the distance is 
2 mm. or more the dead nerves show nearly nothing or only a small quick 
spike. That this spike is not the electrotonus is also proved by the fact that 
it has no physiological effect in living nerves if the current is just of 
sufficient strength for the threshold stimulation. In this case 1-5-2 msec. 
is required for the essential completion of the steady deflection, only 
after which the action potential starts, while the spike is over after 0-1- 
0-2 msec. It is quite clear, however, that such an escape can act very fast 
over long distances if the potential is high [K ato, 1926]. In these experi- 
ments, therefore, we used only low potentials, namely those below or just 
near the threshold, so that in addition the action potential wave did not 
interfere with the development of the electrotonus. If, in spite of this, 
small spikes occur they only interfere with the reading at the very 
beginning of the rise, and are of no practical importance for most questions. 
Sometimes they may be even useful in order to determine the commence- 
ment of the gradual increase which takes place at more or less large 
distances, and therefore replace the necessity for a simultaneous record 
of the polarizing current. 

In fact, we see that the electrotonic potential starts its rise at the 
same instant as the polarizing potential whatever the distance may be. 
If the distance is zero the beginning is very steep, although apparently 
slower than that of the polarizing potential if recorded directly in the 
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polarizing circuit [Rosenberg, 19296]; gradually the curve becomes 


concave to the abscissa and practically reaches its final value after about — 


3 msec. The rise is not exactly exponential and may be considered only for 
a first approximation to correspond to the charge of a fixed capacity—as 
assumed by Ebbecke [1933] and his collaborators. From the formula 


for the charge of a condenser P= P, (1-6-0) we see that OR = ¢ if 
P=P, (1—1/e); in this case t= 0-25 x 10-* sec. according to measurement. 
Since R, as given by the resistance of the polarizing circuit, is of the order 
of 105 ohms, C may be estimated to be 2-5 x 10-*uF (interpolar distance 
1cm.). We doubt, however, whether this deduction is admissible for 
the curve observed and for the special structural conditions of nerve. 
It appears that this curve also generally fits the function ¢ (1/7) derived 
by Cremer [1932a] for the development of polarization; the theoretical 
curve, however, is steeper in the beginning and flatter in the subsequent 
course than the experimental one. 

The shapes of the curves observed alter if the distance is increased: 
they rise convexly from the abscissa and then continue concavely after 
passing a turning point. While this §-form, sometimes already hinted for 
zero distance, is just perceptible at the usual distances of some milli- 
metres, a delay and a prolongation of the development which increase with 
the distance are very pronounced. The shape of these curves is in agree- 
ment with the essential features of Cremer’s function U;,. The height 
of the maxima reached after some milliseconds shows a local decrement 
along the nerve, assumed to be exponential—as known for the stationary 
state. Until this moment there is no significant difference of the magnitude 
between an- and catelectrotonus. Usually the ratio A:K is somewhat 
smaller than one; therefore the inversion and the increase of this pro- 
portion during the flow of the current are due to secondary alterations. 

These observations confirm qualitatively the theoretical consequences 
of Hermann and especially of Cremer; quantitatively the results suggest 
an extension in the classical scheme according to the new propositions 
described. In part, deviations may be caused by the fact that it is im- 
possible to realize the theoretical conditions, valid for the single fibre, in 


experiments on nerve with its composite structure; and especially 


Cremer’s postulates, such as elimination of the reciprocal influence of 
the polarizing poles and limitation‘of the entrance of the current to an 
infinitely narrow cross-section, cannot be fulfilled. Cremer believes that 
his theory will overcome these restrictions. 

To secure exact figures for the form of the curves at different dis- 
tances a number of records were copied by contact on contrasty plates, 
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then enlarged x10 by means of a diascope on to squared paper and 
measured. In order to facilitate the comparison the maximum of each 
curve is made equal to 100. Figs. 4 and 5 show diagrams of some typical 
records, demonstrating the temporal development of the electrotonus at 


05 2-0 25 
milliseconds 
Fig. 4. Catelectrotonus at distances of 0 and 2:25 mm. respectively. 
disappearance downward (as a percentage of the maximum deflection). 


05 2 4 
milliseconds 


Fig. 5. Development of catelectrotonus: distances 3 and 6 mm. at 20° C. (continuous lines); 
distances 3 and 6-5 mm. at 2-5° C. (broken lines), Heights reduced to 100. 


0 and 2:25 mm. and at 3 and 6 mm. distance from the non-stimulating 

polarizing cathode. They illustrate distinctly the delay in the rise at the 

greater distance in each experiment, although the start is simultaneous. 

In order to obtain a general view of these time relations we determined the 
PH. LXXXII. 
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interval between the beginning and the half of the maximum height in 
twenty-two experiments performed under identical conditions, and 


calculated the mean values for the various distances. All the figures — 


concern the catelectrotonus at 15-6-20-5°C. produced by polarizing 
potentials of 28-48 mV. These voltages are often capable of stimulating 
a small number of fibres; the time needed, however, is so long that the 
rise of the electrotonus in the main is finished in this time. In other words, 
at rheobasic stimulation the action potential starts only if the polariza- 
tion is almost complete; the interval of this development is the utilization 
time, which is directly measured on the nerve itself by this method. (It is 
not a rare case that on the summit several very small action potential 
waves appear, probably due to fibres of different time relations—an 
impressive confirmation of the uncertainty of the threshold determination.) 
The results of both, development and disappearance of the catelectro- 
tonus, are summarized in Table I (the value for the distance of 10 mm. 


TasLe I. Times of half development and disappearance of catelectrotonus. Polarizing 
potentials 27-8-47-8 mV.; distance between polarizing electrodes 9-5-11 mm. (2 mm. 
in three of twenty-two experiments). Temperature 15-6-20-5° C. 

Distance Increase 


mm, sec. sec. 
0 0-170 0-187 
(0°124-0-212) (0°153-0-268) 
2 0-369 0-375 
3°5 0-520 0:547 
5-5 0-750 0-760 
10 1-3 


is not very exact because these curves are very low and flat). After 
breaking the polarizing current, the electrotonic potential disappears 
somewhat slower than it develops on making (Fig. 4). We do not deal 
here with slow after-variations. 

There is no sign of an electrotonic wave. If, however, we plot against 
distance the figures for the “half” times of the increase we find a fairly 
straight line indicating that at this point of the curve the electrotonic 
potential is propagating along the nerve with a constant velocity. This 
speed is 9°19 m./sec. and agrees very closely with that observed by Bern- 
stein (9-10 m./sec.). It means that if a distinct height of the electro- 
tonic potential is needed to act in a certain manner at a given distance, 
a noticeable time passes corresponding to a finite velocity. Yet this 

+ Prof. Cremer informs us that this relation also follows from his theory. If r=1 msec. 


and a =2-5, he calculates 8 m./sec.—in accordance with our observed value of 9m./sec. Hence 
the experiment gives an excellent confirmation of the theory. 
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velocity has no definite value, since it depends on the point we select from 
the curve. If we take, for instance, 1/e of the maximum height and plot 
the figures in the same way, we get a straight line once more. The velocity, 
however, is now 13-91 m./sec. and increases the more we go down, 
decreases the more we go up on the curves (Fig. 6). As the absolute value 
required, for instance, for the anelectrotonic inhibition or for an appre- 


5 "10mm. 

Fig. 6. Durations to reach 1/e and 1/2 of the maximum height of the catelectrotonus at 
different distances (continuous lines, indicating the apparent velocities). Fall of electro- 
tonus along the nerve assumed to be exponential with a constant « = 1-5 (broken line). 


ciable deflection of a recording instrument, can be reached at very dif- 
ferent points on the curve—changing with the height of the polarizing 
potential—the velocity may be found to be smaller or larger than the 
speed of theampulse. The development of the anelectrotonus seems to be 
somewhat slower and its apparent velocity correspondingly smaller in 
accordance with the mean value of 8 m./sec. as determined by Bern- 
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stein. The number of our observations is not sufficient to allow a reliable 
average for the anelectrotonus. In any case its difference from the cal- 
electrotonus is unimportant. After all it is evident that the electrotonus 
temporarily and locally proceeding is not a true wave like a sound wave, 
but a time-pseudo wave [Cremer, 1900] like the propagation of heat. 
In order to analyse the processes involved in the conduction of the 
action current and in the propagation of the catelectrotonus it appeared 
to be essential, following Waller’s [1896] suggestion, to repeat the 
experiments at higher and lower temperatures under identical conditions 
on the same batch of frogs. We have already mentioned the general 
procedure. A 2-megohm resistance was put in the polarizing circuit, the 
leading-to electrodes were 10 mm. apart, the distances between the cathode 
and the proximal leading-off electrode were 3 and 6 or 6-5 mm. respectively. 
The experiments were controlled on dead nerves cooled to 2-5° C. The 
diagrams of the records measured are reproduced in Fig. 5, where all the 
curves are reduced to the same height. From the absolute deflections we 
calculated the electrotonic constant «, assuming that the maxima decline 
exponentially corresponding to the equation P= P,e-*", where P, is the 
potential between the pole P, and the far leading-off electrode A, and z is 
the distance between the pole P, and the near leading-off electrode A, , , 
incm. The speed of the impulse was extracted from the observations of 
Rosenberg and Sugimoto [1925] on intact animals at various tem- 
peratures. For the three processes the temperature coefficient was 


calculated from the formula Q,, = (22) The results are combined in 
Table II. Considering the points of the rise corresponding to 1/e, 1/2 and 
1—1/e of the maximum, we find that the development of the catelectro- 
tonus is distinctly slowed at 2-5° C. (see Fig. 5); therefore the velocity of 
propagation of the electrotonic potentials corresponding to these points is 
also decreased. Although this velocity at 20° C. was higher than that 
stated for the former mean value (obtained from another series of ex- 
periments), the temperature coefficient for the velocity at both tem- 
peratures is only 1-6. In the case of the electrotonic constant Q,, = 1-2. 
But where the difference of temperature was not so extreme as in the case 


of the electrotonus, for the velocity of the impulse Q,,=2-4. Hence we — 


assume that even physiological polarization is a purely physicochemical 
process which initiates only a second reaction manifested as the outbreak 
of the action potential, the propagation of which seems to involve a 
chemical, 1.¢. a metabolic, change of the living matter as confirmed by 


other facts [Hill, 1932]. This idea does not exclude the possibility that _ 


_ even the non-stimulating polarization gradually influences the condition 
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Taste II. Polarizing potentials 14-8 and 37-7 mV. respectively; distance between 


the polarizing electrodes 10 mm. 
Catelectrotonus. 
Duration of the rise in 
sec. till 
. mm. l/e 1/2 l-l/e of the maximum 
900 3 0-247 0-371 0-546 
6 0-405 0:590° 0-825 
2-5 3 0-339 0-504 0-766 
(65 0-741 1-072 1-551 
Velocity in m./sec. for 
le the maximum 
200 4 18-99 13-70 10°76 
2-5 8-70 6-16 4-46 
1-56 1-58 1-65 
Electrotonic constant, 
per cm 
20-0 3-6 2°76 
2-5 3-6°5 3°87 
Qro 1-21 
Velocity of the im 
pulse, m. 
1716 21-27 
3°54 6°55 
2-38 


of the membranes; it seems, however, preferable to distinguish this 
process from that of the excitation. We therefore cannot support 
Ebbecke’s conception, who considers the electrotonus itself to be a 
continual local excitation. | 

By means of the figures and diagrams obtained we are able to make 
some estimate of the electrotonic spread of a stimulating current. If we 
apply, for example, 300 mV., the tenfold of the rheobase, the effective 
electrotonus at the cathode is a third, 7.e.100 mV. With an electrotonic 
constant of 1-5 (the smallest value generally obtainable, representing an 
optimal condition for the spread) the maximum at a distance of 6-1 mm. 
amounts to 40 mV. If we assume that the rheobase for the current 
spreading by internal polarization is also a third only of that in the 
external application, we find that the double rheobase of 20 mV., corre- 
sponding to half the maximum, is reached after 0-815 msec. Even if the 
excitation already started when 1/e of the maximum, i.e. 14-8 mV., only 
were reached, 0-563 msec. would be required. But the action potential 
wave which originated 0-033 msec. after the making of the stimulating 
current and propagated at 22 m./sec., passed the distance in 0-277 msec. 
At the distance of 2-4 mm. the maximum amounts to 70 mV., 20 p.c. 
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(=14 mV.) of which is finished after 0-14 msec.; but this time is insuffi- 
cient for effective stimulation, since even a rectangular shock needs 0-4 
msec, at the 1-4-fold strength of the rheobase. The action potential wave, 
however, passes this distance just in 0-14 msec. It means that even at this 
‘small distance the catelectrotonus has no advantage of the action potential 
wave. Only when the stimulating current is of extraordinary intensity do 
we expect the excitation to arise at an appreciable distance from the 
electrode—unless the depressive effect inhibits the excitation at the pole 
itself with the result that the impulse starts in this region. Certainly there 
is still the question of a purely physical spread similar to a leakage; but it 
is of no physiological importance although it may be larger in living than in 
dead nerves. The transmission of the wave of negativity follows the 
electrotonic mechanism as proved experimentally in this work: the 
natural electrical stimulus always affects the next immediate section of 
the nerve by the catelectrotonus which probably forms the first part of 
the rise of the action potential itself [Cremer, 19326]. In this sense the 
velocity of the electrotonus equals that of the impulse. 


SuMMARY. 


By means of amplifier and oscillograph the electrotonic potentials of 
frog’s nerve were recorded directly atthe cathode or anode (t.¢. at zero 
distance) and at varying lateral distances from them. The polarizing 
potentials were below or just near the threshold and had the form of 
rectangular shocks. At zero distance the rise of the electrotonus is 
approximately, but not exactly, exponential and only for a first approxi- 
mation comparable to the charge of a simple distinct capacity. With 
increase in the distance the curves show an S-shaped form, their slope 
is diminished and the duration until the final value is prolonged. There- 
fore the apparent capacity at zero distance is influenced by the rate of 
the electrotonic spread. The development of the catelectrotonus is some- 
what quicker than that of the anelectrotonus, and the disappearance of 
both passes somewhat slower than the development. The maxima reached 
fall along the nerve in an apparent exponential curve as in the stationary 
state and are only slightly different for an- and catelectrotonus. | 

The electrotonus starts its rise simultaneously at all the extrapolar 
points in the instant of making the polarizing current and begins to fall 
immediately with the break. Therefore the velocity of propagation re- 
lated to the first commencement is very high in accordance with the 
theory which postulates an “infinite” velocity. The development of a 
certain part of the maximum, however, lasts a definite time, for instance, 
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at zero distance 0-17 msec. for half the height of the catelectrotonus. 
These “half” times increase almost’ linearly with the distance and 
correspond to a finite velocity. This velocity gives the speed of propaga- 
tion of a certain point on a pseudo wave and is about 14 m./sec. for the 
1/2 times of the maximum, greater for the 1/e and smaller for the (1 —1/e) 
times; %.e. practically the velocity observed depends on the potential 
required for a special effect at a given distance, which potential itself is a 
function of the electrotonic decline of the polarizing potential applied. 
From these relations it follows that there is no considerable electrotonic 
spread of a maximal stimulus of direct current. , 

At threshold stimulation with direct current, beneath the cathode the 
action potential begins only if the polarization is essentially finished. It 
is in this way that the utilization time is measured directly on the nerve. 
Frequently several small action potential waves follow one another, 
presumably due to fibres of different time relations. 

Therefore in general not only did the time course of the development 
of the electrotonus correspond with the theoretical assertions in a satis- 
factory manner, but also the actual rate of this process was a confirmation 
of the relation between polarization and excitation. 


We wish to thank Prof. M. Cremer for his inciting interest and criticism in this work. 
One of us (J. Y. B., from the Department of Pharmacology, University of Edinburgh) was in 
receipt of a grant from the Ministry of Agriculture and Fisheries. 
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A CASE OF DEFICIENT ACCLIMATIZATION 
TO LOW OXYGEN PRESSURE. 


By J. BARCROFT, R. H. E. ELLIOTT, F. R. FRASER, 
W. HERKEL, B. H.C. MATTHEWS anv M. TALAAT. 


(From the Physiological Laboratory, Cambridge.) 
(Received June 25, 1934.) 


Tue subject, B. H.C. Matthews, was a man of 26 years of age, height 
6 ft. 1 in., weight 12 stone, of active habit and physically strong. He was 
exposed to diminished oxygen pressure from approximately 6.15 p.m. on 
December 12, 1932, and was in the orocmraey till approximately 12.30 p.m. 
on December 16. 

The total pressure was that of the external atmosphere. The oxygen 
pressure was reduced by filling balloons, situated inside the chamber, 
with nitrogen from cylinders and emptying them into the general 
atmosphere which surrounded them. In addition, of course, the consump- 
tion of oxygen by the subject tended to lower the oxygen pressure. The 
carbonic acid and the water vapour were prevented from accumulating 
by the use of a scrubber situated inside the chamber. This scrubber con- 
sisted of twenty canisters very similar to the containers used during the 
war in the army respirators. Air was forced through the canisters which 
were arranged in parallel and filled with lumps of coke impregnated with 
caustic soda. During the experiment the filling was renewed twice. 

This scrubber was very efficient especially as regards water vapour, 
for the atmosphere of the chamber contrasted markedly with that of the 
experiment described by Barcroft, Cooke, Hartridge, Parsons and 
Parsons[1920]. In that experiment carried out in the same chamber but 
with different scrubbers condensed water was constantly running down 
the glass walls and tending to accumulate on the floor. No such trouble 
was incurred in the present experiment. In calculating the partial 
pressures of oxygen and CO, in the chamber it has been assumed that the 
air was saturated with water vapour. 
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The following are calculated from analyses of the chamber air: 


I, mate 


Everest 
(thousands 
0, of feet)* 
Dec. 12 19.30 a 116 


Ae 
= 
on 


8.00 102 


to = 

WHOS 

® 


12.00 75 3 


ALVEOLAR AIR. 


Taste II. 
Partial pressure Partial pressure in alveolar air mm. Hg 
of oxygen in air 
mm, 0, Co, 
Dec. 12 160 ie 41 
34 
81 (44) 
34-2 
39.5} (45) m3 
» 16 15 (42) 
sc 29-9 (42) 28-3 
31-8 (42) 31-6 
| 31:8 
It is evident from the above figures that acclimatization was far from 
complete. In the third column are given the alveolar oxygen pressures of 
the subject, in brackets beside them are the alveolar oxygen pressures in 
acclimatized persons exposed to the same partial pressure of oxygen in 
the atmosphere. The latter are taken from observations made in various 


ollowing were measurements of the oxygen and carbonic acid in — 


mountaineering expeditions [Barcroft, 1925]. The alveolar oxygen 
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pressures observed in this experiment are, at the lowest oxygen pressures 
in the atmospheres to which the subject was exposed, more than 
10 mm. below those accepted for acclimatized persons. The CO, pressures 
observed at the highest recorded altitudes [Somervell], 1925] carry less 
conviction than the oxygen pressures. 

According to the available standards an alveolar CO, pressure of 
34 mm. corresponds to an altitude of about 9000 ft. at which the baro- 
meter would read about 560 mm. and the partial pressure of oxygen in 
the atmosphere would be 117 mm. An alveolar CO; pressure of 30 mm. 
would correspond not to a partial oxygen pressure in this atmosphere of 
75 mm, (barometer 368 mm., approximate altitude 21,000 ft.), but to 
one of 105 mm. (barometer 500 mm., approximate altitude 11,700 ft.). 

It seems therefore that while some acclimatization took place it was 
very deficient. Why the subject acclimatized so poorly is not my to 
Bay. 


Merazouism. 


The following observations were the. the 
technique. 


Tanz Til Total venti- 

t per minute 

CO, ¢.c. oxygenc.c. Respiratory dry gas at 
No. Date permin. quotient N.T.P 
285 332 0-89 8-25 
2 _ Dee, 14, 1932 272 350 0-78 11-20 
3 ' Dec. 15, 1932 257 300 0-86 10-90 
4 Dec. 16, 1932 133 144 0-92 6-55 
5 _ Dee. 17, 1932 © 305 384 0-79 10-90 
6 Jan. 13, 1933 233 298 0-76 96 


Observations 1 and 6 in Table III are quite normal for a subject at rest 
of Matthews’s physical development. 
Observations 2 and 3 show an increase in total ventilation as associated 
with a normal total metabolism. This may be regarded as a reasonable 
response to the degree of oxygen want from which the subject was suf- _ 
fering. It is to be noted, however, that his breathing never quickened 
appreciably. At rest, it remained between 14 and 16 respirations per min. 
throughout the whole series of experiments. The alteration was in the 
depth. 
The remarkable observations are Nos. 4 and 5. No. 4 was ‘ink just 
before Matthews came out of the chamber. The oxygen used and the 


carbonic acid exhaled were about half the normal wae phperasons 
] and 6). 
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The following figures are significant. ’ 

IV 

Total ventilation co. 
litres per min, increment deficit 
Date (dry, N.T.P.) p.c. p.c. 
Deo, 15 10-90 2-34 2-74 Bs 
Dec. 16 6-55 1-94 2:20 = 

2-12 
Jan. 13 6-96 3-69 449 
3°31 4-59 / 
Thus the total ventilation (in observation 4, Table III) was not markedly Fe 
different from normal (cf. January 13) but was much lower than on the { 
previous days in the chamber, whilst the composition of the expired air : 
was not markedly different from that of the previous day, but both the fe 
CO, increment and the oxygen deficit were much less than normal. It bi 


must be emphasized that observation 4 is given with great reserve. The 
obvious and true criticism of it is that if and when an opportunity offers 
the experiment needs repeating. The slowness with which the Douglas 
bag filled was apparent at the time and.all the junctions were retested. 
The duplicate analyses of the expired air were carried out by different 
persons and with different apparatus. The only possible source of error 
left was the efficiency with which the subject fitted his lips to the mouth- | 
piece. Questioned.on this point his own opinion was clear and definite. 
The doubt then depends upon whether even a master of experimetital | 
technique, when suffering from so great a degree of anoxeemia is suffi- 
ciently alert mentally for his testimony on such a point to be unimpeach- 
able*. Taking the observation at its face value it would mean that after a 
period of partial acclimatization to oxygen want the patient had ceased 
to react in that sense and had commenced to go down the hill. He had 
eaten almost nothing for four days. The metabolism, though lower than 
@ basal metabolism, is probably not lower than would occur under 
sufficient degree of anesthesia to render the muscles flaccid. 


— 


whe 


1 Footnote added by Barcroft. With regard to Matthews’s psychological condition at = 

the end of the experiment the following episode seems relevant. Three samples of alveolar = 
air were taken by him before leaving the chamber (see Table II). Matthews said in sub- 
stance: “I can vouch for the third sample because the tap of the alveolar air tube into RY 

_ which it was collected is so much simpler in construction than those of the other two a 


tubes.” Actually the tap was not simpler in construction, it was merely greased with a more e 

_ transparent lubricant; the pregnancy of the remark is not lessened by the fact that few f 

i persons, in the ordinary course, would grasp details of mechanical construction more surely Ee 
and rapidly than Matthews. 
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The second observation of interest is No. 5. Here though the subject 
had been out of the chamber for twenty-four hours his respiratory centre 
behaved much as it had done during the first days of his residence within . 
it. He became breathless as the result of quite trivial exercise, whilst 
even at rest his total ventilation was definitely above the normal whilst 
the CO, increment and the oxygen deficit of the expired air were corre- 
spondingly low. Evidently the subject had reverted to the condition in 


which he was during the first days of the experiment but had not as yet 
become completely normal. 


THE OXYGEN IN THE ARTERIAL BLOOD. 


At the end of Matt he ws’s residence in the chamber a determination 
was made of the oxygen capacity and content of his arterial blood. 

The procedure was as follows: A tube was fitted to the chamber, so 
that the subject could come out of the chamber into the room outside 
while still breathing the air of the chamber. This was accomplished 
without his taking.a single breath of any other atmosphere and was 
sustained until after a specimen of his arterial blood had been taken by 
arterial puncture. The puncture was into the femoral artery, the blood 
from the syringe was transferred to a vessel where it was protected by 
liquid paraffin and rendered non-coagulable by heparin. The analyses 


were made by the van Slyke manometric method. The results were as 
follows: 


Taste V. 
(vol. p.c.) (vol. p.c.) saturation 
14-10 21-94 64-2 
14-40 21-90 65:9 


The colour of the blood corresponded in general with the order of 
percentage saturation found. The respiration of the patient was observed 
éarefully whilst the blood was being withdrawn. It was sufficiently 
regular to exclude temporary holding of the breath as a reason for the 
astonishingly low percentage saturations. Indeed the percentage satura- 
tion in the dissociation curve shown in Fig. 2 and-constructed from points _ 
14-17, corresponds to an oxygen pressure slightly higher than that 
registered in Matt hews’s alveolar air just before he left the chamber. In 
this connection two points may be mentioned: (1) the possibility of some 
air entering the chamber as Matthews left it, and (2) the possibility of 
some degree of hyperventilation. It seems probable therefore that 
immediately before Matthews left the chamber his blood had been under 
rather than over 60 p.c. saturated. 
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How long had it been so? There is no evidence that the oxygen dis- 
sociation curve in this case had ever shifted to the left of its normal 


position (shown in Figs. 1 and 2), and therefore we may infer that the sub- 


ject gradually became more and more acidemic (cf. points 9-12, Fig. 1). 


100 100 


| 
90 


Oxygen pressure mm. Hg. , 
Fig. 1. es 


Fig. 1. Points on oxygen dissociation curve all reduced to a CO, pressure of 40mm. Hg. 


Point 2=December 10, 1932; 5 and 6= December 12, 1932; 1, 3, 4, 7,8=January 15, 
1933; 9, 10, 11 and 12=December 16, 1932. 


Fig. 2. Curve (identical with that in Fig. 1) is Matthe ws’s normal dissociation curve at 


40 mm. CO, pressure; points 14, 15, 16 and 17 are those of his blood on December 16, 
1932, at 30mm. CO, pressure, approximately that of his alveolar air at the time. 


Thus on December 14, his alveolar oxygen pressure being 37-38 mm. and 


the CO, pressure 34 mm., the percentage saturation was probably not 
more than 80 p.c., on the 15th it was probably not more than 70 p.c. 
saturated (O, 34 mm., CO, 34 mm.). In proportion as the blood dissocia- 
tion curve shifted to the right the percentage saturations would sink 
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The subject was intensely cyanosed and in that respect quite unlike 
acclimatized persons at altitudes corresponding to the partial pressure of 


oxygen breathed during the experiment (Greene, 1932]. 


OXYGEN DISSOCIATION CURVE. 


The following table gives the observed data from which the oxygen 
dissociation curves shown in Figs. 1 and 2 have been constructed. 
For the oxygen dissociation curve the following observations were 


VI, 


oe 37-2 (11) 21-4 65-4 
36-8 (12) 65-7 55-3 
29-3 (10) 30-7 52:8 45-5 
29-0 (9) 


Jan. 15 bee (7) 34 79°5 


7 
12-1 33-1 22-4 
* The figures in brackets refer to Fig. 1. 


SUMMARY. 


1, A person in good health was observed in a chamber at a reduced 
partial pressure of oxygen over 5 days. The pressures _— from 116 mm. 
on the first day to 75 mm. 

2. The degree of acclimatization obtained was poor as compared with 
what has been observed on mountains, the alveolar oxygen pressure 
falling to about 30 mm. and the CO, pressure remaining above 28 mm. 

3. The figures for the total metabolism fell also. 

4. The oxygen dissociation curve at 40 mm. CO, pressure and even 
-at the pressure in the body was shifted considerably to the right. 

5. The arterial blood, obtained by puncture at the time of coming out 
of the chamber, was not more than 65 p.c. saturated with oxygen and may 
-have been somewhat less. 


iby 
RS 
¥ 
4 | Percentage saturation a 
Pressure (mm.) Corrected g 
Date 0, Co, Observed Co, 4 
Dec, 10 18 (2)* 19°5 50 40 . 
49-8 37 q 
2 (5 “5 74 72 
| 32 (5) 37 4 
31 (6) 37 ; 
6 75 73 
4 
76-2 
82 
25 (4) 35 57-6 55-6 
40 
20-4 4 
3 
aS 
| 
% 


376 _ J. BARCROFT AND OTHERS. 


: 6. The subject was intensely cyanosed and in an indifferent mental 
condition. 


7. For some days after the experiment he became unduly — 


on exercise and was appreciably hysterical. 
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THE RELATION OF THE CENTRAL NERVOUS 
SYSTEM TO THE INCREASE IN SYSTEMIC 
FLOW PRODUCED BY OCCLUSION OF 
THE THORACIC AORTA. 


By H. BARCROFT anp P. FORMIJNE!. 


(From the Department of Physiology and Biochemistry, 
Unwersity College, London.) 


| (Received June 28, 1934.) 


EXPERIMENTS, previously described [Barcroft, 1931], have shown that 
complete occlusion of the dog’s thoracic aorta has a paradoxical effect 
on the systemic flow. Occlusion of the thoracic aorta, the greater part of 
the arterial path, does not diminish the systemic flow, as might be 
expected, but actually increases it. 

Fig. 1 is a sketch of the preparation used for such a demonstration. 
A mechanical Stromuhr [Barcroft, 1929] was placed in the blood stream 


so that it miade a continuous record of the rate at which the heart supplied 


blood to the peripheral vascular system, but the stream entering the 
coronary vessels did so without passing through the instrument. Com- 
plete occlusion of the thoracic aorta, at the position shown, typically 
increased the systemic flow from about 700 c.c. to about 900 c.c. per min. 
This effect was to be expected after section of the vagi; it only occurred 
occasionally before section. 

A typical tracing, reproduced in Fig. 2, has been selected from an 
experiment in which the vagi were intact. Fig. 3 is a graph of the systemic 
flow changes drawn from the tracing. The thoracic aorta occlusion is 
followed by an increase in the systemic flow. 

Complete occlusion of the thoracic aorta causes a large rise in the 
arterial blood-pressure, and this suggests that the increase in systemic 
flow which accompanies it might possibly be due to a more efficient 
pumping prompted by a bigger blood supply to the heart muscle. This 


1 Laboratory for General Pathology, Amsterdam University. 
PH. LXXXII. 25 
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explanation, however, is untenable for several reasons. First the tracing 
shows that the initial blood-pressure in the experiment illustrated was 
fairly normal, namely, 90 mm. of mercury. Secondly the same events have 
occurred in a similar experiment with an initial blood-pressure of 150 mm. 
Hg, and lastly, after the occlusion, the right auricular pressure rises. This 
is to be seen in Fig. 2. The fact that the right auricular pressure rises 
shows that the increase in systemic flow is to be attributed to increase in 
inflow ani not to in the heart beat. 


Fig. 1. A diagram of the dog's vaschla® system showing the position of the mechanical 
stromuhr and the point at which the thoracic aorta was occluded in these experiments. 
A, brachiocephalic artery. B, thoracic aorta. C, superior vena cava. D, inferior vena 
cava, EH, mechanical stromuhr. F, the thoracic aorta was occluded here. 


Further previous experiments have shown that destruction of the 
vasomotor centre by an adequate period of acute anemia has little effect 
on the events following occlusion of the thoracic aorta [Barcroft, 1931]. 
For this reason it seemed likely that nervous reflexes were not responsible 
and that a mechanical explanation must be sought. However, the possi- 
bility of spinal vascular reflexes was not excluded. The object of this 
paper is to describe experiments which show that occlusion of the 
thoracic aorta increases the systemic flow even after complete physiological 
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RESULTS OF AORTIC OCCLUSION. 379 


destruction of the whole central nervous system. These experiments show 


that reflexes involving the central nervous system are not essentially 
concerned in the phenomenon. 


Fig. 2. The effect of occlusion of the thoracic aorta upon the systemic flow, arterial blood- 
pressure and right auricular pressure in the animal with the vagi intact. RAP, right 
auricular blood-pressure. The figures are readings of the manometer in cm. saline. 
ABP, arterial blood-pressure. Scale mm. of mercury. S, stromuhr tracing. 77 c.c. 
passed through the instrument between successive vertical strokes. 7', time in seconds. 
The thoracic aorta was occluded at the first arrow and released at the second. 


METHOD. | 
10kg. dogs were used. No morphia was given. Anzsthesia was induced 
with equal parts of chloroform and ether and maintained with ether or 
chloralose, 0-1 g. per kg. The operation necessary for insertion of the 
mechanical stromuhr was done as before [Barcroft, 1931]. Chlorazol 
25—2 
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fast pink was used as an anticoagulant instead of heparin [Huggett and 
Rowe, 1933]. In previous experiments injections of anticoagulant, 
blood, saline, etc., were made through a burette communicatmg with a 


cannula in the femoral vein; in these experiments we preserved the 


femoral vein and tied the burette cannula into the right auricle. The right 
auricular pressure was taken with a saline manometer and recorded by 
‘a piston recorder attached to the top of this manometer. After the 
operation the systemic flow changes following occlusion of the thoracic 
aorta were recorded before and after section of the vagi to check the 
‘normal behaviour of the animal. The central nervous system was then 


C.N.S. Alive 


Time in minutes 


Fig. 3. A graph of the systemic flow changes recorded 
in the tracing in Fig. 2. 


‘killed by half an hour’s aphyxia in the following way. The passage of 
blood from the heart and stromuhr into the peripheral vascular system 
was blocked by clamps placed on the great vessels at A and B (Fig. 4), 
and the stream was diverted through a fingerstall resistance F into 
reservoir G which drained back into the heart through the right auricular 
appendix, Additional clamps were placed on the great veins at C and D. 
In other words the central nervous system was asphyxiated by tempora- 
rily turning the preparation into a heart-lung preparation, and so stopping 
_ the blood supply to the brain and spinal cord. After half an hour by the 

clock the blood stream was diverted through the animal’s peripheral 
vascular system again, the temporary external circuit removed and the 
preparation became once more that shown in Fig. 1. The physiological 
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activity of the central nervous system was considered to have been 
destroyed for the following reasons: 
(1) The animal no longer made spontaneous movements of any kind. 
(2) Acute cerebral anemia produced by complete occlusion of all 
arteries to the brain no longer elicited a reflex rise in blood-pressure. This 
is shown in Fig. 5. | 


Fig. 4. A diagram of the dog’s vascular system to show how the blood supply to the central 
nervous system was diverted so as to destroy it by asphyxia. S, mechanical stromuhr. 
A, B, C, D, clamps on the brachiocephalic artery, thoracic aorta, superior vena cava 
and inferior vena cava respectively. F, fingerstall resistance. The pressure bottle is not 
shown. G, venous reservoir. The heating spiral is not shown. 


(3) Stimulation of the central end of the sciatic nerve no longer 
elicited reflex movements. Stimulation of the peripheral end of the nerve 
or of muscle still elicited muscular contractions. 
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_. After a number of preliminary experiments necessary to establish the 
technique two satisfactory experiments gave entirely concordant results. 


| REsvuts. . 

_. The sequence of events after occlusion of the thoracic aorta was the 
same in the normal animal and in the preparation with the central nervous 
system destroyed. In both instances there was a rise in systemic flow 


Fig. 5. Tracing I vied ia the arterial blood “preasore produced by occluding 
the brachiocephalic artery before destruction of the central nervous system. Tracing'2 — 


shows that after destruction of the central nervous system occlusion of the brachio- 
cephalic artery failed to produce a reflex rise in the blood pressure. ABP, arterial 


during the interval between the vertical lines. The left subclavian artery was tied — 


throughout the experiment. 


accompanied by an increase in arterial blood-pressure and right auri- 
cular pressure. This can be seen in the tracings and curves shown in 
Figs. 2, 3,6 and 7. After destruction of the central nervous system the 
arterial blood-pressure is naturally rather low. Nevertheless, aortic 
occlusion increased the systemic flow by increasing the inflow and not by 
_ improving the action of the heart by raising the coronary blood-pressure. 

This is proved by the rise in the right auricular pressure. 

The increase in systemic flow following occlusion of the thoracic 
aorta in the dog is therefore not caused by vascular reflexes involving any 
part of the central nervous system. 
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Fig. 6. The effect of occlusion of the thoracic aorta upon the systemic flow, arterial blood 
pressure and right auricular pressure after destruction of the central nervous system. 
RAP, right auricular blood-pressure. The figures are readings of the manometer in cm. 
of saline. ABP, arterial blood-pressure. Scale mm. of mercury. S, stromuhr. 77 c.c. 
passed through the instrument between successive vertical strokes. 7', time in seconds. 
The thoracic aorta was occluded at the first arrow and released at the second. 


500 Thoracie aorta occluded 


Systemic flow in c.c. per minute 


i i i i 
% 2 3 
| Time in minutes 


‘Fig. 7. A graph of the systemic flow changes recorded in the tracing in Fig. 6. 


4 
x 
4 
og 
= 
A 
| 
4 
| 
3) 
i 4 
“4 
2 
A 
J 
& 
| 
5 
vg 
Wi 
Hs, 
aq 
a 
ea 
. 
2 
ae 
1000 
e 
250 
A 
| 
| 4 
| 
ak 
¥ 
4 
eng 


BAROROFT AND P. FORMIJNE. 


SUMMARY. 


1, Occlusion of the thoracic aorta increases the systemic 
flow in the dog. 

2. This occurs after the central nervous system has been destroyed by 
half an hour’s asphyxia. , 

3. Vascular reflexes involving the central nervous system do not cag 
any essential part in the phenomenon. 


3 We are very grateful to Prof. 
The expenses of this work were defrayed by a grant from the Government Grants. 
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THE EFFECT OF ANTERIOR PITUITARY EXTRACTS 
ON ACETONE BODY EXCRETION IN THE RAT. 


By PETER T. BLACK, J. B. COLLIP anv D. L. THOMSON. 
(From the Department of Biochemistry, McGill University, Montreal.) 
(Received June 26, 1934.) 


HorrMANnn and ANSELMINO [1931] and Maaisrris [1932] have 
described increased amounts of acetone bodies in the blood of rats after 
_ the injection of anterior pituitary extracts; Eitel, Lohr and Loeser 
| [1983] ascribe this phenomenon to a temporary increase in thyroid 
activity. Burn and Ling [1933] found that the injection of an alkaline 
extract of bovine anterior lobes greatly increased the acetonuria of fe- 
male rats receiving a diet of filtered butter; Butts, Cutler and Deuel 
[1934] obtained similar effects in fasted rats of either sex, and in fasted 
rats receiving sodium acetoacetate by stomach tube. 

Anderson and Collip [1934] have found that rats subjected to 
prolonged treatment with thyreotropic fractions from the anterior 
pituitary eventually become insensitive, and that there is present in the 

serum of such animals a substance which inhibits the action of thyreo- 
A tropic extracts on the metabolic rate. We commenced the present study 

in order to see if the acetonuric response to pituitary extracts would 
show similar behaviour, and to prove or disprove the identity of the - 
principle active in this response with the thyreotropic hormone. 


METHODS. 

We have confined ourselves, in this work, to a study of the urinary 
excretion of total acetone bodies, determined by the gravimetric method 
of van Slyke [1917]. The rats were kept in pairs in Hopkins meta- 
bolism cages; the urine was collected separately from the feces, and 
preserved with copper sulphate solution. 

In preliminary studies the filtered butter diet described by Burn and 
Ling was used throughout the experimental periods. Many of the rats in 
this colony excrete rather large amounts of acetone on this diet, without 
other treatment. We have found, however, that rats 40 days of age, 
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taken directly from the litter cages, consistently excrete minimal amounts 
of “acetone” on this diet; with increasing age, an increasing proportion of 
the animals will display a relatively large acetone excretion, which is still 
clearly apparent when recalculated in terms of a standard body weight of 
100 g., or in terms of the weight of butter consumed. These results, 
which are summarized in Table I, led us at first to use 40-day animals for 


Taste I. Effect of age on acetone excretions total urinary acetone 


bodies in mg. of acetone on the third day of butter diet. - 
Total acetone, mg. per Total acetone 

Number 100 g. body mg. per g. butter 

of Age “ consum: 
animals days weight g Average Range Average 

16 40 70 1-1 0-5— 1-9 0-24 

16 50 86 3-3 1-0- 7:8 1-01 

16 60 93 4-1 1-4— 9-5 1-70 

16 70 107 8-4 2-7-16-5 4-80 

16 100 133 9-5 . 4-0-16-4 4-00 


assay purposes. In later experiments, however, we preferred to study the 
influence of the pituitary extracts on the acetone body excretion of the 
fasting animal, thereby assuring ourselves of consistently low control 
values. 

All the extracts tested were shown to be ee eee 
acetate, and other simple ener substances. 


hous OF SENSITIVITY TO THE KETOGENIC SUBSTANCE. 


The effect of previous prolonged treatment with active extracts was 
necessarily studied upon mature animals. A group of eight male rats 
received, twice daily for 3 months, injections of 0-5 c.c. of the purified 
_thyreotropic extract described by Anderson and Collip [1933]. This 
extract contains no demonstrable amount of the growth hormone, but is 
not devoid of gonad-stimulating and adrenotropic potency; each c.c. 
corresponds to 1 g. of fresh bovine anterior pituitary, and 0-01 c.c. is a 
sufficient daily dose to produce thyroid hyperplasia in young guinea-pigs 
or significant elevation of the basal metabolic rate of hypophysectomized 
rats. After 3 months’ treatment the rats have become quite insensitive 
to this extract; their thyroid glands are in a resting state, and the meta- 
bolic rates are low [Anderson and Collip, 1934]; it will be seen from 
Table II that they have also lost the capacity to respond to the comme 
principle of pituitary extracts. 

The rats at the end of this preliminary treatment were 140 days old; 
since animals of this age excrete acetone when placed on a high fat diet, 
this experiment was carried out during a 3-day fasting period. Animals 
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Taste II. Effect of anterior pituitary extracts on acetone excretion in fasting 
rate previously treated with thyreotropic hormone over long periods. _ 


Total acetone, mg. per 100 g. 
body weight 
Rat Weight Extract , A . 
No, g. tested Ist day  2ndday 3rd day 
1 251 TGS 1-2 1-1 12 
1-1 1-9 2-4 
223 1-4 1-4 1-2 
4 190 0-9 1-9 19 . 
5 - 224 Burn’s 1-1 1-2 1-5 
6 266 16 1-4 
284 0-9 0-9 0-9 
8 223 ” 4 1-6 1-6 
Controls 
9 231 Burn’s 3-4 24:3 27-6 
10 268 és 2-9 5-6 8-8 
ll TGS 12-3 18-0 
12 284 welt 1-2 3-4 23-7 


1-4 received 1 ¢.c. of the thyreotropic extract (“TGS”) on each day of 
fasting, while animals 5-7 received similar doses of.a crude alkaline 
extract prepared by the method described by Burn and Ling [1933]. 
The. amount of acetone excreted by these animals was very much less 
than in controls of the same age, which had not received the ns 


E¥FECT OF THE ANTI-THYREOTROPIC SUBSTANCE. | 


Fourteen female rats, 33 days old, were treated twice daily for 7 days 
with 0-5 c.c. of serum from a horse which had been injected daily for 4 
months with the thyreotropic extract in amounts increasing from 10 to 
100.c.c. This serum has been shown to be capable of inhibiting the effect of 
the thyreotropic hormone on the basal metabolic rate of hypophysectom- 
ized rats [Anderson and Collip, 1934]. The animals were then fasted for 
3 days, during which the acetonuria was followed. On the first of these 
days they received 4 further 1-0 c.c. of the serum diluted with 2-0 c.c. of 
saline; on the second day 1-0c.c. of thyreotropic hormone (“TGS”) with 
2-0 c.c. of saline, and on the third day 3-0 c.c. of saline. It was found 
desirable to ensure that a fairly large volume of urine should be excreted. 

Three groups of animals served as controls for this experiment; the 
first, of fifteen similar rats, received exactly the same preliminary and 
experimental treatment as the experimental animals, except that they 
received serum from a normal, untreated horse. The second group had no 
preliminary treatment, but were fasted for 3 days and injected with 
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3-0 c.c.’saline on the first and third, and 1-0 c.c. thyreotropic extract and 
2-0 c.c. saline on the second, of these days; the third group received saline 
only, The results are summarized in Table III. The experimental animals 


Tantx III. Effect of thyreotropic extract on acetone excretion in young fasting 
pats previously treated with anti-thyreotropic serum. 


A | body 

~— Serum in ig averages and standard deviations 
animals treatment Initial Final Ist st day Qnd | day 3rd day 
ti-TG 67 55 124056 22416 0940-4 

Normal 76 65 09403 87439 0040-1 

12 None 68 54 15403 150173 13+406 

Controls (saline — 
4 None 50 42 19 2-2 1-4 


 Allanimals except the last (control) received 1-0c.c. 
day of fasting. 


treated with the anti-thyreotropic serum did not respond to the thyreo- 
tropic extract, and excreted no more acetone than the negative (saline- 
treated) controls. The animals treated with normal horse serum ex- 
creted far more acetone than these, but less than the positive controls 
subjected to no preliminary treatment. This latter difference may indi- 
cate the presence of an inhibitory substance in normal horse serum, but 
may be due merely to random variation. A similar phenomenon in 
experiments with normal horse serum has been encountered in the studies 
on metabolic rate [Anderson and Collip, ne | 


IDENTITY OF THE KETOGENIC SUBSTANCE. 


The preceding experiments show that some substance present in an 
anterior pituitary fraction of high thyreotropic potency is capable of in- 
creasing the acetonuria in fasting rats, and that there accumulates in the 
serum of animals subjected to prolonged treatment with this fraction a 
substance capable of inhibiting this action. It is not clear, however, 
whether the acetonuria is a consequence of thyroid stimulation ; and if this 
_ can be disproved, it still remains possible that the ketogenic activity is a 
secondary and independent property of the substance which stimulates 
the thyroid. The reports of other investigators on this point are con- 
flicting ; ; our own investigations lead us to believe that the ketogenic effect 
is not a consequence of thyroid stimulation, and indeed is not due to 


the thyreotropic substance but to some other active _—- in these 
extracts. 
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This belief is based principally on the fact that increased acetonuria 
may be obtained with the purified growth hormone fraction [Collip, 
Selye and Thomson, 1933], which has certainly less than 1 p.c. of the 
power of the thyreotropic extract to elevate the basal metabolic rate of 
hypophysectomized rats, and does not produce thyroid hyperplasia. 
Each c.c. of this extract (“‘Q40a’’) represents 1 g. of fresh bovine anterior 
lobe; its power to increase body weight in hypophysectomized rats has 
been reported elsewhere. The thyreotropic fraction (“TGS’’) used in this 
study has no such power, even if administration be prolonged until the 
metabolic rate is no longer elevated. A definite fractionation of activity 
has therefore been obtained; the two extracts, however, are of almost 
equal activity in acetonuria in young fasting rats (Table IV). From these 


IV. Effect of separated thyreotropic and growth hormones on acetone 


excretion in young fasting rats. 
Total acetone, mg. per 100 g. 
Dose Average body body 
Number per 100 g. weight averages and ‘deviations 
of on2ndand , A — A. 
animals 3rddays Initial Final Ist day 2ndday 3rd day 
Thyreotropic extract “TGS.” 
8 0-5 49 03401 146496 12-8+49-1 
8 0-25 63 49 08402 103473 89449 
8 0-125 82 61 09402 14405 091403 
8 0-063 82 59 10403 13405 06403 
Growth-hormone extract “Q40a.” 
8 0-5 63 49 0840-4 159483 202486 
8 0-25 63 51 00400 81433 10-6463 
8 — 0125 82 59 10402 17404 06+0-2 
8 0-063 81 58 11401 09401 0630-2 


observations it may apparently be concluded that the active principle is 
not identical with the thyreotropic hormone, nor with the growth hor- 
mone. We have recently been able to prepare growth-promoting extracts, 
by repeated adsorption on calcium phosphate, which no longer increase 
fasting ketonuria. 

Further evidence that the thyreotropic hormone is not renpotaible for 
this effect has been collected. In the first place, it has been found that the 
injection of 0-1 mg. thyroxine daily into young rats during a 3-day fasting 


‘period does not increase the output of acetone; the highest figure from 


six animals so treated was only 1-1 mg. per 100 g. It is true that animals 
which have received a longer preliminary treatment with thyroxine do at 
times develop a considerable ketonuria when fasted; but the rapid re- 
sponse to thyreotropic extracts apparently cannot be duplicated with 


= 
an 
£ 
di 
wal 
# 
1 
‘ 
«J 
4 ¢ 
A 


390  P.T. BLACK, J. B, COLLIP AND D. L. THOMSON. 


thyroxine, even in doses which (as in this case) exert a greater — 
on the metabolic rate. 

In the second place, it is possible to show that the effect of eine: 
tropic or growth-promoting extracts is demonstrable in fasting thyroidec- 
tomized rats (Table V), and in earlier experiments we could detect a 


Taste V. Effect of anterior pituitary extracts on acetone excretion 


in fasting thyroidectomized female rate. : 
Dose in ¢.c. Total acetone, mg. 100 g. 

on days body 
animals tested 1 2 3 2nd Srd day 

2 113 TGS 0-5 2-0 16-8 

2 111 1 1 0 10 4-5 0-9 

2 119 0-9 3-1 10 

2 114 Bee 0-6 0-8 0-6 


marked response to the injection of pituitary extracts in hypophysecto- 
mized-thyroidectomized rats on the butter diet. 

It would seem, therefore, that the “ketogenic”’ principle of anterior 
pituitary extracts is not identical with the thyreotropic hormone, nor 
with the growth hormone; nor can it be identified with the adrenotropic 
hormone, which is absent from the active extract “‘Q40a,” and which in 
purified form [Collip, Anderson and Thomson, 1933] has been found 
to be inert as far as acetone excretion is concerned, both by ourselves in 
fasting rats and by Butts, Cutler and Deuel [1934] in rats receiving , 
sodium acetoacetate and injected with the extract prepared in our a 
laboratory. 

The ketogenic principle is therefore present only as an accidental 
contaminant in the thyreotropic fractions which we have chiefly used; a 
and if there is present in the serum of horses treated for some time with a 
this fraction a substance capable of inhibiting the ketogenic principle < 
(Table III), this substance is presumably (though not certainly) distinct 
from the one which accompanies it and which inhibits the action of the 
thyreotropic hormone upon the basal metabolic rate of sl decal 
mized rats [Anderson and Collip, 1934]. 


SuMMARY. 

1, The injection of suitable anterior pituitary extracts steikingly 
increases acetonuria in rats, either during a fasting period of 3 days, or 
during the administration of a filtered butter diet. 

2. This effect may be obtained with growth-hormone preparations 
practically free from thyreotropic hormone, or with thyreotropic fractions 
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free from growth hormone; it is not obtainable with adrenotropic 


fractions. 
3. The effect may be obtained in thyroidectomized animals, and is 


not obtainable with moderate doses of thyroxine under similar conditions 
in normal animals. _ 

4. The effect is not obtainable in rats subjected to prolonged pre- 
liminary treatment with thyreotropic extracts containing the ketogenic 
principle. 

5. The serum of a horse subjected to prolonged treatment with the 
thyreotropic extract inhibits the ketogenic action of this extract in young 
fasting rats. 
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_ THE ACTION OF ADRENALINE ON SERUM POTASSIUM. 


By JOHN L. D’SILVA. 


(From the Department of Physiology, King’s College, London. 
; (Received June 26, 1934.) 


Sruprzs on the blood potassium have hitherto been directed along two 
main channels, namely (a) investigations into reliable methods for deter- 
mining the concentration of potassium in blood and serum in health and 
disease, and (6) experiments concerned with potassium balances under 
varying conditions. | 

In a preliminary note [1933] I have already drawn attention to the 
increase in blood potassium caused by adrenaline. This has now been 
studied in more detail. 

The basis of the work is a reliable method of estimating potassium in 
serum, so several published methods were reviewed. The method of 
Kramer and Tisdall [1921] as modified by Hubbard [1933] has been 
adopted in spite of its apparent shortcomings (cf. Strecker and Zungck 


[1923], and others). It is found, in agreement with Hubbard that, if a 


standard technique is followed, comparative results can be obtained which 
agree very closely (<2 p.c.). The tendency of the method is to give high 
results. 

Controls. Several times during the course of the investigation the 
experimental method was controlled by determining potassium in aqueous 
solutions of known strengths varying from 20 to 60 mg. of potassium per 
100 c.c. The values obtained between 20 and 45 mg./100 c.c. were in all 
cases somewhat (2-3 p.c.) above the theoretical values, but above 45 mg. 
considerable deviation (up to 10 p.c.) occurred, probably due to incomplete 
washing of the massive precipitates obtained. 

Effect of adrenaline. In these experiments cats were used. Adrenaline 
(0-05 mg.) was injected intravenously and samples of blood (about 5 c.c.) 
were taken before injection and subsequently at intervals. 


potassium (up to 12 mg. above the original level) exists, which rapidly 
PH, LXXXIl. 26 


One minute after injection a very high concentration of serum 
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diminishes to the original level after about another 4 min. Then follows a 
fall to a value which may be as much as 4-5 mg./100 c.c. below the initial 
level 10 min, after injection, followed by a slow recovery to normal which 
occupies 15-30 min. 

The figures given above are those of a typical experiment; they vary 
somewhat from animal to animal. The significance of the “after fall’’ in 
potassium will be discussed later. 

It will be observed that the rise of serum potassium runs roughly 
parallel to the rise of blood-pressure produced by adrenaline. The effect 
of adrenaline on the potassium concentration in the serum is not due to 
the increase in blood-pressure, for under ether anesthesia, which modifies 


the blood-pressure curve after adrenaline, a similar effect is produced. 


The same animal subsequently anzsthetized with chloralose and allowed 
to rest for 2 hours or so (to expel most of the ether from its lungs) gave 
an almost identical increase in serum potassium with adrenaline. 

_ Adrenaline has similar effects in the decerebrate and adrenalectomized 
animal. 

Effect of posterior pituitary extract. “ Pitressin” (0-5 c.c.; 10 pressor 
units) as supplied by Messrs Parke, Davis and Co., when injected intra- 
venously produces changes in the serum potassium analogous to those 
resulting from adrenaline, although in certain cases the effect is delayed. 
The results of typical experiments are given in Table I and indicate that the 


Taste I. Effects of “pitressin.” 
Potassium values in mg./100 c.c. Time in 


Exp. minutes after injection in brackets Remarks 
1 20-2 (0); 28-8 (1); 21-7 (6); 17-3 (16) Normal animal 
2 17-1 (0); 25-6 (1); 18-9 (6); 162 (16) Adrenalectomized animal 
3 20-8 (0); 25-4 (1); 26-5 (6); 18-8 (21) After atropine 
4 184 (0); 38-4 (1); 24-4 (11); 203 (21); After atropine 
5 16-8 (0); 20-3 (1); 25-2 (6); 16-4 (16) Decerebrate 


action of pitressin ” is not due to & prolonged secretion of adrenaline, for 
the effect is observed in adrenalectomized cats. The effect of “pitressin”’ 
in increasing the blood potassium is not annulled by atropine. 

Effect of barium chloride. 1 0.c. of 2-5 p.c. barium chloride results 
within 2 min. in a very marked increase in serum potassium. 

Ether anesthesia raises the serum potassium. A blood sample from a 
cat under chloralose taken 15 min. after the completion of the operative 
procedure was often richer in potassium (maximum of 4-5 mg./100 c.c.) 
than a sample.taken 2 hours later. If the rate at which the ether is blown 
off is increased by forced ventilation of the lungs the return to the normal 
level of the blood potassium is accelerated. 
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Effect of ergotoxine. Ergotoxine abolishes the effect of adrenaline in ) 
raising the blood potassium level. Table II is are 
potassium values are in mg./100 c.c. serum. 


Taste Il, Effect of ergotoxine on that of adrenaline: serum potassium in mg./100 0.0. 


Before ergotoxine After ergotoxine 
Serum potassium I II lil 1 II til 
Normal 206 22-4 179 22-1 


During adrenaline 248 21 — 182 221 24-7 

Stimulation of the sympathetic invariably raises the serum potassium 
provided the adrenals are not already exhausted. Ephedrine has a very 
marked, though delayed, effect; the maximum potassium concentration 
is not reached for 2-4 min. The effect of stimulation of the sciatic is as 
reported by Bachromejew [1933]. Acute asphyxia produces a rise in 
serum potassium. Hemorrhage of 20 c.c. or so results in a very definite 
rise (3-4 mg.) in potassium even in blood samples taken 20, min. after 
bleeding. The effect of hemorrhage is therefore not one solely of stimu- 
lation of the sympathetic resulting in secretion of adrenaline. 

The intravenous injection of potassium salts. The very transient nature 
of the rise in serum potassium caused by adrenaline is noteworthy; some 
light is thrown on the problem by a study of the effects on the blood 
potassium of intravenous injections of potassium salts, Potassium 
chloride and gluconate were tried, although in several cases the former 
proved so toxic as to be useless. The animals usually survived an in- 
jection of 6 c.c. 2 p.c. aqueous potassium chloride administered over 
3 min.; this raised the serum potassium by about 11 mg./100 c.c. Po- 
tassium gluconate was found to be far safer than the chloride. An 
aqueous solution of potassium gluconate was prepared by treating a 
10 p.c. solution of calcium gluconate with the theoretical quantity of 
potassium carbonate. The precipitate of calcium carbonate was filtered 
off and potassium estimated in the filtrate in order to determine the 
strength of the solution. Prepared in this way, 6 c.c. of 10 p.c. potassium 
gluconate injected into a cat under chloralose during 1 min. caused a 
large (13 mg./100 c.c.) rise in serum potassium, the original level being 
restored within 6 min. 

The similarity in the rates at which injected potassium and potassium 
mobilized under the action of adrenaline disappear, suggests that removal 
of the base from the blood stream occurs under similar conditions in both 
instances. Although some may be excreted by the kidneys, a large pro- 
portion almost certainly finds its way into the tissues (cf. the feeding 
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experiments of Blum, Aubel and Hausknecht [1921], who have 
demonstrated the ability of the tissues to absorb potassium). 
Réle of the parasympathetic nervous system. The part played by the 
parasympathetic in these potassium changes was investigated in two ways. 
(i) Influence of the vagus. Mere section of the vagi usually produced — 
no effect on the blood potassium (vide Table III). The result of Exp. 2 


IIL. 
Potassium before Potassium after pat 
Exp. section of vagi section of vagi Remarks 
1 17°8 | 
2 14-4 oy _ Larger rise in potassium with 
3 after of vagi 
19-9 19-5 
wr 
8 


Changes in the concentration of potassium in mg./100 c.c. 
N 
| 


Fig. 1. Curves obtained following intravenous injections of 0-05 mg. adrenaline. 


represents the only one of its kind and may be due to asphyxia following 


vagal section. Three other animals sy included in the — gave 
results with land3. 
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(ii) Effect of acetylcholine. 1 c.c. of 1/1000 acetylcholine injected in- 
travenously had nearly no effect; in some experiments a rise of 1-2 mg. 
was observed. Nor was there any effect after physostigmine or ergotoxine. 

Effect of adrenaline after atropine. The augmentor effect of adrenaline 
on the serum potassium was not prevented by previous administration of 
atropine. 

The “ after fall”’ in serum potassium due to administration of adrenaline. 
The rise in serum potassium during the action of adrenaline is followed by 
a fall to below the original level, as much maybe as 4-5 mg./100c.c., and a 
slow recovery to normal. It seemed probable that the cause of the fall 
was @ secretion of insulin occasioned by the high blood sugar after intra- 
venous adrenaline. Evidence is now presented on this point. The serum — 
potassium curve after adrenaline was followed in normal and pancreatec- 
tomized animals and found to be different (cf. Fig. 1); in all cases the 
“after fall’’ was nearly abolished after pancreatectomy. The same effect 
was obtained after paralysis of the parasympathetic with atropine. 


Discussion. 

There-is comparatively little published work on variations in the 
blood potassium; this is due, probably, to the difficulties inherent in its 
determination, together with the fact that there is no recognized “store- 
house” for potassium in the body. All tissues contain potassium, and 
from the experiments of Blum, Aubel and Hausknecht [1921], 
who were unable materially to increase the concentration of the blood 
potassium by feeding experiments, it appears that the tissues are capable 
of absorbing large amounts of the base. ) 

Some recent experiments by Bachromejew [1933] indicate that 
stimulation of the sympathetic is associated with a raised blood potassium. 
The potassium changes quoted in these papers are, however, generally 
small, and the serum potassium values uniformly low as compared with 
previous findings. 

It is known also [cf. Briggs, Koechig, Doisy and Weber, 1923-4; 
Harrop and Benedict, 1924; Kerr, 1928] that injections of insulin 
materially lower the serum potassium, which returns to normal when the 
effect of the drug has subsided. | 
_ The experiments described in this paper in conjunction with the 
relevant literature, permit one to visualize a mechanism for the control 
of the serum potassium level in the body. 

Cats will not tolerate a high blood potassium (cf. experiments on the 
injection of potassium salts), so the removal of the base from the blood 
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stream, probably partly by the kidneys and partly by the tissues, is very 
rapid. The close relationship between sympathetic activity and an in- 


creased blood potassium has been established, and the evidence of 


pancreatectomy suggests that parasympathetic activity, possible through 
the medium of insulin secretion, lowers the blood potassium. 

There is a striking similarity in the effect of adrenaline on the serum 
potassium now described, and in its well-known effects on the blood 
sugar. The analogy is so close that it is justifiable to suggest that the two 
effects may be closely connected. 


SUMMARY. . 


1, Adrenaline causes an increase in the concentration of the serum 
potassium in cats under chloralose or ether, or in decerebrate animals, 
which indicates that the effect is not peculiar to the anesthetic and is not 
an effect due to the change in blood-pressure. An increase in potassium 
is followed by a fall to below the original level. 

2. Sympathetic stimulants, e.g. ether, ephedrine, sticaalation of 
sensory nerves, and asphyxia, increase it. 

3, Ergotoxine abolishes this effect of adrenaline. 

4. Posterior pituitary extract, hemorrhage, and hevhns chloride 
increase the serum potassium. 

5. The serum potassium may be increased by intravenous injections 
of potassium chloride or gluconate, but the initial level is restored within 
6 min. 

6. Section of the vagi or injection of acetylcholine, alone or after 
physostigmine or ergotoxine, has no definite effect on the serum potassium. 

7. Atropine does not affect the effect of adrenaline. 

8. The “after fall” in potassium following injection of adrenaline i is 
nearly abolished after pancreatectomy. Atropine abolishes the “ after fall.” 


IT amindebted to Prof. R. J. 8. Mc Dowall for his interest in this work, and tothe Asthma 
Research Council and the Sir Halley Stewart Trust for grants which have made it possible. 
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TOXAMIA AND CARBOHYDRATE METABOLISM. 
: By A. B. CORKILL ann 8. OCHOA. 
(From the National Institute for Medical Research, Hampstead, N.W. 3.) 
(Received July 7, 1934.) 


In an earlier paper, one of us [Corkill, 1930], following the observations 
of Goldblatt [1929], discussed the meaning of the glycogen deposition 
seen in the liver of the young rabbit, but in no other kind of animal yet 
tested, in response to an injection of insulin, or of a small adjusted dose of 
adrenaline alone, or of insulin and adrenaline together. The suggestion 
was put forward that the production of this effect by injection of either 
hormone alone requires the action, not only of the one injected, but also of 
the other, secreted in response to the commencing change of blood-sugar 
level; and additional, more direct evidence for this conception will be 
given in a following paper by Cope and Corkill. If adrenaline was thus 
involved in any case, it was natural to think of the phenomenon as 
+ involving part of the carbohydrate cycle described by Cori, muscle 
glycogen + lactic acid liver glycogen. 

In a later paper Corkill [1932] showed that early diphtheritic 
toxemia caused a changed response of the young rabbit to insulin, in- 
cluding failure of the normal storage of liver glycogen. It was shown that 
adrenaline, with or without insulin, similarly failed to cause, under such 
conditions, any deposition of glycogen in the liver. Since glucose, in- 
jected or given by the mouth, caused the usual glycogen storage at this 
stage of the toxemia, the defect was presumably at some link of the cycle 
above mentioned. The experiments here to be described have accordingly 
been planned with the object of determining whether the toxemia pro- 
duces any departure from the normal in, 

(1) the formation of lactic acid from muscle glycogen; or 

(2) the formation of liver glycogen from lactic acid. 

For the former, we have studied the process in vitro, using the sodhode of 
Meyerhof [1926] for measuring the enzymatic formation of lactic acid 
by muscle extracts from glycogen or hexose diphosphate (H.D.P.). In 
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the presence of these substrates it is possible to obtain practically uni- 
form results for any particular type of muscle extract, so that it enables 
comparison to be made of the normal extracts with those prepared from 
the muscles of toxemic animals. For the study of glycogen formation 
from lactate we have made experiments on the living animals, following 
the recent observations of Hodgson [1933], who, in extension of the 
Cori’s observations, has found that the intravenous or intraperitoneal 
injection of Na dl-lactate into young fasting rabbits leads to a deposition 
of liver glycogen. We have compared the effects of such injections of 
lactate on liver glycogen in normal and toxemic young rabbits. | 


Metruops. 


Young rabbits from 8 to 9 weeks old were used and in all instances a 
preliminary fast of 24 hours was observed. This precaution was necessary 
for studies on liver glycogen, though not for the enzyme studies; for the 
sake of uniformity, however, all animals were similarly treated. Liver 


glycogen was estimated by Evans’ method [1931] with the exception 


that the glucose after hydrolysis was determined by a modified Bertrand 
method. The muscle enzyme studies were carried out according to 
Meyerhof’s manometric technique [1926]. The rabbits were killed by a 
blow on the head followed by bleeding from the cut vessels of the neck. 
As soon as possible samples from both hindlimbs were taken and placed 
in a covered glass beaker surrounded by a freezing mixture. When 
partially frozen the muscle was removed and passed through a mincer. 
Extracts were made by grinding up in a mortar containing ice-cold 
0-9 p.c. KCl in the proportion of 4 c.c. KCl to 3 g. muscle. After standing 
for ? hour on ice with occasional stirring, the extracts were centrifuged 
_ and filtered through muslin. Extract mixtures were then made by adding 
NaHCO, to give a final concentration of 0-5 p.c. To those extracts in- 
tended for use with glycogen, phosphate was added in addition to bi- 
carbonate. The extract mixtures were saturated with a nitrogen +5 p.c. 
CO, mixture and placed on ice until ready for use. The glycogen substrate 
consisted of a 1-14 p.c. glycogen solution in 0-9 p.c. KCl. The H.D.P. was 
prepared from the acid barium salt of fructose-di-phosphate, which is 
fairly soluble in 0-9 p.c. KCl. The barium was precipitated with the 
calculated amount of K,S80,, and the solution was then neutralized to 
litmus with NaOH and the volume made up as desired. The actual solu- 
tion used was 1-14 p.c. 

For the experiments with sodium lactate a 20 p.c. solution of Na dl- 
lactate was prepared. The requisite amount of solution was slowly in- 
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jected into the ear vein and the animals sacrificed 3 hours later. They 
were stunned and bled, and the liver was then quickly removed and 
worked up for glycogen. 

RESULTS. 

(1) The enzymatic formation of lactic acid, from glycogen and hexose 

diphosphate, by normal and toxemic muscle extracts. 

The results of eight experiments (four normal and four toxemic 
animals) were regularly in the same direction. The experimental pro- 
cedure can best be indicated by the following illustrative record. 

Exp. A normal young rabbit fasting for 24 hours was killed by stun- 
ning and bleeding and extract mixtures were prepared from the hind- 
limb muscles. The final mixtures were as follows: 

(1) 10 c.c. muscle extract +2 c.c. 5 p.c. NaHCO, +1:8 c.c. phosphate 
solution. 

(2) 10 c.c. muscle extract +2 c.c. 5 p.c. NaHCOQ,. | 
Both extract mixtures were saturated with the nitrogen+5 p.c. CO, 
mixture and placed in stoppered flasks on ice until ready for use. The 
filling of the Warburg vessels followed the usual technique. The volume of 
fluid in the vessel was in all cases 1-7 c.c. (Vf) and the temperature at 
which we worked was 28°C. The contents of the different Warburg 
vessels were so arranged that we could correct for changes in pressure due 
to mixing of the extracts with KCl and also, in the case of H.D.P., for any 
CO, evolved by the reaction of this substance and the NaHCO, in the 
muscle extract. We have not made any allowance for CO, retention by 
the extract mixtures. This was not considered necessary, since we had 
actually determined the so-called retention factor of Meyerhof, and had 
found it to be of small proportions under the actual conditions of our 
experiments. 

The arrangement of the Warburg vessels, in this and other experiments 
of a similar nature, was as follows: 


No.1  Thermocontrol, vessel contained 1-7 c.c. 0-9 p.c. KCl 
No.2 Vessel: muscle extract with phosphate 1 ¢.c, 
Bulb: 0-9 p.c. KCl 0-7 c.c. 
No.3 Vessel: extract without phosphate 1 c.c. 
Bulb: 0-9 p.c. KCl 0-7 c.c. 
No. 4 c.c. (NaHCO, lec. +5c.c, 
Bulb. HD H. DP P. 0:7 c.0. | 
No.5 Vessel: extract 1 
0-3 c.c. KC1+0-4 c.c. glycogen solution 0-7 
“14 p.c.) 
No.6 Vessel: extract without phosphate 1 c.c. 
Bulb: H.D.P. solution 0-7 ¢.c. 
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Vessels Nos. 2 and 3 served as the controls for changes of pressure due to 
mixing of extracts with KCl without the complication of substrate, while 
No. 4 enabled corrections to be made for CO, evolved from the reaction 
of the H.D.P. substrate and NaHCO, in the extract mixture. The final 


calculations were expressed as c.mm. CO, evolved and mg. lactic acid 
formed. 


Tastz I, Lactic acid formation in rabbit’s muscle extract from 
glycogen and hexose-di-phosphate. Manometric method. 
CO, in c.mm. evolved at N.t.P. Glycogen 4 mg.; H.D.P. 7 mg. 


H.D.P. 


60 80 100 0 20 4 6 100 

Time (min.) Time (min. ) 

Fig. 1. A. Normal young rabbit. Lactic acid formation, from glycogen 90 min. 1-38 mg. ; 
from H.D.P. 50 min, 1-16 mg. B. Toxemic young rabbit. Lactic acid formation, 

from glycogen 80 min. 1-52 mg.; from H.D.P. 80 min. 1-08 mg. | 


0 2 


ab 
3 
Muscle Muscle Muscle Muscle 
4 with without with without 
Extract phosphate phosphate NaHCO, phosphate phosphate 
4 Substrate ... Nil Nil H.D.P. Glycogen H.D.P. 
Time (min.) 
q 10 0 0 86 180 217 
a 30 0 0 88 267 275 
4 50 0 0 88 313 288 | 
3 90 15 1-5 88 329 288 
3 110 3 4 88 349 — 
j Lactic acid formed: from glycogen in 110 min. 1-40 mg. : 
4 from H.D.P. in 50 min. 1-16 mg. 
400 400 
Glycogen 
3 Glycogen 
300 H.D.P. 300 
q 
4 200 200 
A | B 
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| e In Table I the method of recording results is shown. Since the read- 
ings in manometers Nos. 2 and 3 usually indicated an absorption of gas, 
: the first readings, calculated as c.mm. CO,, have been expressed as zero, 
Be and the readings in the other manometers corrected on this basis. 

ce In the experiments on toxemic animals the method followed was 
| precisely similar to that described in the preceding one, except that the 
animal used had been injected with diphtheria toxin 24 hours before the 
| experiment. The diphtheria toxin was supplied by Dr Hartley and its 
(guinea-pig) was 1/50c.c. It was found that 4 m.L.p. would 
BE usually kill a young rabbit within 4 days, and in the present series of 
| experiments we have used from 3-5 to 4 M.L.D. 

a For the purpose of comparing the results of such an experiment with the 
_ previous one we have presented the results of both as curves (see Fig. 1). 
Several other experiments on similar lines were carried out and it was 
___ apparent that the capacity of muscle extracts, to form lactic acid, did not 
(s significantly differ in normal and toxemic animals. 


: ey (2) Liver glycogen formation from sodium lactate in normal 
and toxeemic young rabbits. 

Recently Hodgson [1933] has extended Cori’s investigations in rats 
to young rabbits and has shown that intravenous or intraperitoneal in- 
_____ jections of Na dl-lactate cause a marked storage of liver glycogen. An 

fi average increase of 400 p.c. was observed, without any significant changes, 

| in muscle glycogen or blood-sugar values. It would also appear from — 

Hod gson’s observations that an initial high value for liver glycogen does 

not preclude a further rise following lactate. Thus, one animal starved for 
___ half the usual period had a liver glycogen content of 4 p.c., whilst another 

4 _ injected with lactate showed a value of 10 p.c. These observations are of 

_ particular interest in relation to the problem at present under considera- 

tion. The capacity of the normal young rabbit to store injected lactate as 

____, liver glycogen provides a means of examining the final stage in the Cori 

cycle already referred to. 

re In the preliminary experiments we first attempted to obtain standard 

conditions for demonstrating glycogen storage from Na dl-lactate in 

normal animals. 

& Exp. Seven young rabbits were taken and kept without food for 24 

hours. Three served as normal fasting controls, whilst the remainder were 

Injected with lactate as shown in Table II. The injected animals were 

} killed 3 hours after the lactate administration. 
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3 


Average 0-60 1-25 


It is clear that the lactate has caused a definite deposition of liver 
glycogen, and in our next experiments we investigated the same pheno- 
menon in toxemic animals. In Table III the combined results from two 
litters are shown. In all, ten young rabbits were used. Two were used 
as normal fasting controls, two as toxemic fasting controls, whilst the 
remainder were treated as shown in the table. The toxemic animals 
received 3-5 m.u.p. of diphtheria toxin 24 hours before the actual ex- 


periment. 
III. 


No. g- p.c. p.c. Remarks 
763 0-108 0-10 Normal fasting control 


Toxsemic fasting control 
Toxemic rabbit injected with 8 ¢.c, 25 p.c. 


ar 
~3 
& 


(intra-peritoneal). Killed 3 hours 


642 0-113 1-80 pene rabbit, 2g. Na dl-lactate intra- 


761 0-104 1-58 Normal rabbit, 2 f Na dl-lactate. 
0-098  ‘Toxemie Na dl-lactate. 

666 0-114 0-10 


& 
> 


The above experiment brings out a clear difference between the 
normal and toxemic animals. Rabbit No. 5 clearly indicates that the | 
degree of toxemia did not prevent the liver from forming glycogen from 
glucose. The normal animals Nos. 6.and 7 injected with Na dl-lactate 

show a definite deposition of liver glycogen; but this is entirely absent in 
the toxemic animals Nos. 8, 9 and 10, which were injected with the same 
amount of lactate. It would therefore appear that the toxemic animal 
cannot form liver glycogen from lactate. This fact has been confirmed 
with complete regularity in two experiments similar to that shown above. 


3 
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Taste II. 
A A 
Blood = Li Blood Liver Dose of 
4 Wt lactate | 
p.c. p.c. g: 
390 0-095 1-26 1-3 
382 0-114 150 1:3 
704 0-13 1-11 2 
4 703 0-111 1-13 2 
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Discussion. 

The failure of adrenaline to cause a deposition of liver glycogen in 
young toxemic rabbits appears to be directly related to the fact that 
these animals cannot synthesize glycogen from lactate. Since the toxemia 
has not prevented orally administered glucose from forming glycogen, it 
would further appear that glycogen synthesis, from lactate and from 
glucose, proceeds by two different mechanisms. ° 

Since the toxeemic muscle forms lactic acid normally from glycogen 
and hexose diphosphate, the broken link in the cycle is that concerned 
with the formation of liver glycogen from this lactate. This will also be 
the missing link in the chain of events leading to the deposition of glyco- 
gen in the normal young rabbit in response to the injection of insulin, if 
the suggestion is correct, that this action involves also a reactive output _ 
of adrenaline. More direct evidence on this point, however, can only be 
obtained by studying the effect of insulin on young rabbits deprived of 
the suprarenal medulla. Such evidence is given in the following paper by 
Cope and Corkill. | 

Our experiments give no direct indication of the mechanism by which 
the diphtheria toxin so early deprives the liver of the power of making 
glycogen from lactate. According to Britton and Silvette [1934] 
absence from the system of the hormone of the suprarenal cortex is 


accompanied by depression of the power of the liver to make glycogen _ 


from either glucose or lactate. That does not correspond to the condition 
seen in early. toxemia, in which formation from lactate has apparently 
vanished, at a stage when that from glucose appears still to be normal. 
The recognizable effects of diphtheria toxin, at a later stage, on the supra- 
renal cortex make it desirable, however, to keep in mind the possibility 
that the early defect of formation of glycogen from lactate may represent 
an early and selective injury of the suprarenal cortex, rather than a direct 


effect on the liver. g - 


1. The effect of toxemia on the factors concerned in the storage of 
liver glycogen has been further studied in young rabbits. 

2. While the formation of lactic acid from muscle glycogen appears to 
proceed in @ normal manner, the toxemic liver is unable to form glycogen 
from lactate. The failure of adrenaline to cause glycogen storage in the 
livers of toxemic young rabbits appears thus to be explained. 

3. The bearing of these facts on the actions of insulin and adrenaline 
is discussed. | 


We wish to thank Sir Henry Dale for much valuable help and criticism." 
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THE ACTIONS OF INSULIN AND ADRENALINE 
IN YOUNG ADRENALECTOMIZED RABBITS. 


By 0. COPE anp A. B. CORKILL. 
(From the National Institute for Medical Research, Hampstead, N.W. 3.) 
(Received July 7, 1934.) 
INTRODUCTION. 


THe action of insulin in promoting glycogen storage in the livers of 
young fasting rabbits has been the subject of several recent publications 
(Goldblatt, 1933; Corkill and Ochoa, 1934], and the theory has been 
advanced [Corkill, 1930] that this is not an uncomplicated effect of 
insulin but one involving also the action of adrenaline secreted in response 
to the insulin hypoglycemia. In order to obtain direct evidence to test 
this hypothesis we have carried out investigations in a number of bi- 
laterally adrenalectomized young rabbits. Although, in young rabbits, 
this operation is not an easy procedure, we have sufficiently overcome its 
difficulties to obtain what appears to be a clear result. 


METHODS. 


Young rabbits from 6 to 7 weeks old were taken and the suprarenal 
glands removed by a two-stage operation under ether anesthesia. The 
approach was by para-median abdominal incisions, the right gland being 
removed at the first operation and the left after an interval of from 6 to 7 
days. Our greatest operative mortality was associated with the removal 
of the right gland; this was due to the great difficulty of separating it from _ 
and avoiding damage to the delicate vena cava. All operative procedures 
were carried out under strictly aseptic conditions, and care was taken to 
keep the intestines moist and warm. Before closing the abdomen a small 
quantity of warm saline was admitted to the peritoneal cavity. In most 
instances, immediately after recovery from the second-stage operation, 
daily injections of cortical extract were commenced, and some animals 
also received intraperitoneal or intravenous injections of glucose, the 
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latter apparently assisting recovery from the operation. We wish to thank 
Messrs Parke, Davis and Co. for kindly presenting us with some of the 
cortical extract prepared by them, and known as “ Eschatin.”’ 

Banerji and Reid [1933] have shown that a large percentage of 
adult rabbits survive for more than 30 days after removal of both supra- 


renals, but there was no evidence available concerning the survival of 


such young rabbits as we required. Accordingly, in order to avoid effects 
due to cortical insufficiency, we administered the cortical extract, and, in 
addition, in most animals left a small piece of purely cortical tissue. At 
the conclusion of all experiments, examinations were made to ensure that 
no medullary tissue was left; the histological appearance of the cortical 
remnants indicated that it was questionable whether these were normally 
functioning. The fact that these operated animals showed no symptoms 
of cortical insufficiency, up to a week after removal of the second gland, 
must probably be attributed either to accessory cortical tissue or to the 
action of eschatin. 

Most experiments were carried out from 5 to 7 days after removal of 
the second gland, and at this time the animals appeared quite normal. 
In some instances blood urea and relative corpuscular volume were 
estimated, and these readings gave quite normal values. The clearest 
proof, however, that these animals were not suffering from cortical in- 
sufficiency was given by the fact that they could form liver glycogen from 
lactate or glucose. Britton and Silvette [1934] have shown that 
cortically deficient animals cannot do this. wt 


In the first series of experiments we studied the action of insulin on 
liver glycogen in adrenalectomized animals. Variations occur even in 
normal young rabbits as regards the dose of insulin required to produce 
hypoglycemic convulsions, and the time required for development of this 
degree of action. In the adrenalectomized animals 0-25 unit insulin 
usually produced convulsions within 1-2 hours. In Table I the experi- 
mental results from three doubly adrenalectomized young rabbits are 
shown. Animal B9 was subjected to a control operation in which the 
liver and intestines were handled, approximately to the same extent as 
during an actual adrenalectomy. All animals were kept fasting for 36 
hours before the actual experiment. The adrenalectomized animals B11, 
B12, B14, received 0-25 unit insulin subcutaneously and were in con- 
vulsions 70, 96, and 60 min. later, whilst the normal controls were not till 
34 hours after 1 unit insulin. 
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Taste I, 
| second . co- sugar ature of 
No. gland Treatment gen p.c. pc. experiment 
} B9 —_ 939 Control operation on 115 0-049: Normal control 
29. i. 34. injected with 
1, 34 removed insulin 
ke | 867 3. ii. 34 1 unit insulin 
e 10 a.m., killed 1.30 p.m. 
Bll 29.i1.34 745 30, i. 340-5 c.c. eschatin | Adrenalectomy. 
31, i. 34 an Insulin 
| Bee Fasted from 1, ii. 34 
| 660 3. ii. 340-25 unit insulin 0-19 
10.5 a.m., killed 11.10 
a.m. 


29.1.34 939 30.1.34noeschatin, con- 0:22 0-027  Adrenalectomy. 
795 


10.14 a.m., killed 12.50 
p.m, 
) 1019 30. i. 34 eschatin 
2.11.34 ,, 


899 Fasted from 1, ii. 34 025 0-029 


3. ii. 34 0-25 unit insulin 
ee 10.20 a.m., killed 11.20 
a.m. 
B15 — 890 Normal fasting control Normal control 


1 unit insulin 1.10 p.m.. 
killed 2.20 p.m. 


a _It will be observed that, in comparison with the normal animal, the 
____ adrenalectomized ones fail to show any deposition of liver glycogen. 
be It might be argued that the amount of insulin administered is in- 
sufficient to produce this effect, but Goldblatt [1929] has shown that 
the glycogen deposition is not so much dependent on the dose of insulin as 
on the production of hypoglycw#mia. That this is a correct conclusion is 
| supported by the experiment recorded in Table IT. 
In this experiment the adrenalectomized animals had had the second 
te gland removed 7 days before the test and appeared perfectly normal. It 
_.__ 80 happened that, with No. 2, 0-5 unit insulin, twice the usual dose, pro- 
duced convulsions only after 2 hours. No glycogen storage, however, 
___ oeeurred, The normal rabbit No. 4 received only 0-25 unit, a small and 
| fs probably non-convulsant dose of insulin, and was sacrificed 2 hours later. 
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Taste II. Four young rabbits, two adrenalectomized, two normal. All fasting 24 hours. 


Date of — 

second Wt. 

No. operation g. 
BS 1304 
1020 

B28 1160 
B26 1044 
B27 1020 
980 

B21 1062 
B24 1249 
1060 


6. ii. 34-10. ii. 34 daily 
eschatin 


15. ii. ay NaL 
veno =2g.; killed 
hours later 


6. ii. 34-10. ii. 34 eschatin 
15, ii. 34 10 ¢.0. 25 p.c. 


6. ii. 34-10. ii. 34 eschatin 
Fasted 13. ii. 
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Blood 
sugar 
p.c. 
0-090 


0-097 


0-15 


2-6 


105 O115 


At this time the blood sugar had only fallen to 0-058 p.c. In comparison 
with the normal fasting control and in contrast to No. 2, there is evidence 
in No. 4 of definite glycogen storage, though with the small dose of insulin 


4 
glycogen 
No. p.c. 
3 1 Normal fasting control 0-38 

3 (0-5 unit insulin) | 
F Killed 2 hours later, at 0-027 0-35 

5 onset of convulsions 

E 3 Adrenalectomized fasting 0-088 0-40 

4 Normal rabbit 0-103 
(0-25 unit insulin) | 

4 Killed 2 hours later 0-058 0-88 ‘ 
4 III. 

4 Liver Blood 

glycogen sugar 
Treatment p.c. Remarks 

3 No eschatin Adrenalectomy. 

a 13. ii. 34 food removed Fasting control 

a 15, ii, 34 killed 0-38 0-093 

q Fasted 48 hours — 0-38 0-087 Fasting normal 

control 

6. ii. 34 0-5 c.c. eschatin Adrenalectomy. 

4 7. ii. 34 ‘a Fasting control 

q 8, ii, 34 

9. ii. 34 

4 10. ii. 34 99 

a 13. ii. 34 food withdrawn 

3 15 ii. 34 killed 

4 Na lactate 

4 Fasted on 13. ii. 34 | 

| Adrenalectomy. 

Glucose 

7 ucose intraperitoneally ; 

F illed 2 hours later 

2 15. ii. 34 0-25 unit insulin, fF 

0-2 mg. adrenaline; killed 

7 2 hours later 


INSULIN AND ADRENALINE. 411 


it did not reach the level seen in the livers of most normal rabbits re- 
ceiving larger doses, and showing a eee more severe hypo- 
glycemia. 

Since these animals have not shown any evidence of cortical in- 
sufficiency it is reasonable to conclude that insulin, in the absence of an 
adrenaline supply from the suprarenal medulla, cannot promote glycogen 
storage. To complete the proof, however, it was necessary to demonstrate 
that, when insulin and adrenaline are given together, a deposition of liver 
glycogen occurs even in the absence of the suprarenal glands. — 
ments of this kind are recorded in Table ITI. 

The fact that animals B27 and B21 are able to form liver sildcgen 
from lactate and glucose indicates that cortical insufficiency is not 

present. Animal B24 clearly shows that when adrenaline, presumably 
- the only absent hormone in this animal, is administered together with 
_ insulin, glycogen storage occurs. Carefully controlled doses of adrenaline 
have been shown to cause a deposition of liver glycogen in young rabbits, 
and it is a safe assumption that this phenomenon is due to adrenaline 
supplying the liver with lactate [Cori, 1931]. Since animals lacking the 
suprarenal medulla can form glycogen from lactate (Table IIT), adrenaline 
alone in such animals should promote glycogen storage. That it does so is 
shown by the results in Table IV. 


Taste IV. Four young rabbits fasting 24 hours. Nos, 3 and 4 adrenalectomized, second 
| gland removed 5 days ago. Eschatin administered. 


Blood Liver 
; glucose glycogen 
No. p.c. p.c. 
Normal fasting control 0-087 0-51 
2 Normal rabbit 0-16 mg. 0-132 1-40 
Adrenaline subcu 
Killed 2 hours later 
3 Adrenalectomy 0-100 0-37 
Fasting control 
4 Adrenalectomy 0-125 1-08 
0-16 mg. adrenaline 
Killed 2 hours later 
Discussion. 


These experiments provide the missing item of direct evidence in 
favour of the view, earlier put forward, that the formation of liver gly- 
cogen in young rabbits, in response to insulin, requires the cooperation of 
adrenaline from the suprarenal medulla. The experiments of Corkill and 
Ochoa [1934] have shown that, in early diphtheritic toxemia, though 
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the suprarenal glands can still secrete abundant adrenaline, insulin no 


_ longer causes deposition of liver glycogen, because in this condition the 


power of forming glycogen from lactate has been lost. The present experi- 
ments show that, when this power is fully retained, insulin will still cause 
no deposition of liver glycogen in the absence of the suprarenal medulla. 
Fig. 1 shows in diagram the sequence of changes by which, on this 
evidence, insulin hypoglycemia is associated, in the young rabbit, with 
deposition of liver glycogen, and the different points at which the se- 
quence is broken by removal of the suprarenal medulla and by diph- 
theritic toxemia respectively. It should be added that we do not regard 


| 
Liver glycogen = Lactate om 
cogen 


Fig. 1. 


Fig. 1 as representing anything like a complete account of the factors 
involved. In a recent paper Goldblatt [1933], in dealing with Corkill’s 
earlier suggestion of the involvement of adrenaline in the effect following 
insulin injection, makes the following comment. “Whilst the evidence 
appears good that the secretion of adrenaline is stimulated when the 
blood sugar falls to hypoglycemic levels, such a view would suggest that 
certain effects of adrenaline might be due to insulin.” We find ourselvesin 
complete agreement with this statement, and, in presenting evidence 


which we regard as establishing the view thus criticized, we have no wish — 


to shirk the probability of its corollary or converse. We find no reason for 
departing from the more general suggestion, earlier made by one of us 
(A. B. C.), that the reactions observed after injection of either insulin or 
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adrenaline into normal animals are, in no case, the uncomplicated effects 
of the single hormone injected, but always involve the actions of both 
hormones. Unfortunately the suggested need of insulin for completion of 
this adrenaline effect on liver glycogen cannot be put to the test of direct 
experiment, since removal of the pancreas is not practicable in the young 
rabbit, in which animal alone the effect in question is produced. 

Corkill and Ochoa [1934] have already drawn attention to the 
possibility that a cortical hormone is somehow involved in the reactions 
under discussion; there is already some evidence that the anterior lobe 
of the pituitary body is also concerned; and only further evidence could 
eliminate the possibility of participation by yet other hormones. Our 
evidence shows that insulin and adrenaline are necessary, but not that 
their action suffices for the whole complex chain of reactions. 


We wish to express our thanks for the constant help and criticism of Sir mente 2 Dale 
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GASEOUS INTERCHANGES THROUGH THE 
) VISCERAL PLEURA OF THE CAT. 


By M. KREMER, A. T, WILSON ann SAMSON WRIGHT. 
(Department of Physiology, Middlesex Hospital Medical School.) 
(Received July 9, 1934.) 


Tis study arose out of an examination of a method of artificial respira- 
tion which may be called “constant flow positive pressure” respiration. 
It is not uncommonly employed in the human subject when operations 
have to be carried out which involve opening the pleural cavity [Tiegel, 
1909; Davies, 1911]. The method consists essentially in passing a steady 
current of oxygen through the lungs under slight positive pressure with- 

out any rhythmic movement being imparted to it. Such a procedure 
might perhaps be expected to oxygenate the blood sufficiently, but it did 
not appear to us probable that it could prove effective in eliminating 
carbon dioxide from the lungs, A study of the blood gases confirmed 
our anticipations, but we found that when the method was used with 
the chest widely opened, CO, was given off in much larger amounts 
than when the chest was closed. We were thus led to study the passage 
of CO, and oxygen across the visceral pleura. 


METHODS. 


Cats lightly anesthetized with nembutal or chloralose were used 
throughout. The constant-flow respiration was administered through a 
tracheal cannula; the general arrangement used is indicated in Fig. 1. 
Experiments were carried out with the chest closed while natural breath- 
ing also took place, with the chest partially opened by removal of a few 
ribs, and with the lungs widely exposed to the outside air by removal 
of the greater part of the chest wall. In some instances curare was in- 
jected intravenously at appropriate intervals (in addition to the general 
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anssthetic) to paralyse natural respiratory movements. Arterial blood 


was collected from the femoral or carotid artery and the gas contents 
determined with the van Slyke apparatus in the usual way. 


To D.B. 


= Tr. Water 
resistance 
was 
= 
— 
= 
we 


ae 


_ Fig. 1. Arrangement of constant-flow positive pressure respiration. Tr =trachea; 
O, cyl. =oxygen cylinder; To D.B.=To Douglas bag. — 


RESULTs. 

Experiments with chest wall intact. 

If natural breathing is taking place and constant-flow respiration is 
commenced it is always found to hamper considerably the elimination of 
carbon dioxide. During expiration the air which is expelled from the 
chest obviously cannot flow back into the cylinder whence it is issuing - 
under positive pressure and so passes out through the water valve. 
During inspiration air enters the lungs partly from the oxygen cylinder 
and partly from the water-valve side of the tracheal tube. The latter 
contains partially diluted expired air with raised CO, content, with the 
result that the functional dead space is considerably increased. Under 
these conditions of the experiment the rate of outflow from the cylinder 
and the level of positive pressure used within wide limits made little — 
difference to the efficacy of CO, elimination; the range employed for flow 
and pressure was 0-5-2-0 litres per minute and 2-5-10 cm. water respec- 
tively. With the same conditions of artificial respiration considerable 
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variation in CO, output took place in different animals; it was highest 
usually when the natural breathing was vigorous and deep. The colour of 
the blood remained bright red and its percentage saturation with oxygen 
was normal, The two protocols given below indicate the range of efficacy 
of CO, elimination noted. 


Cat A. Normal breathing. CO, output in 12 min. 204 c.c. 


Blood CO, 36 p.c. 
12 min. constant-flow respiration. CO, output 108 c.c. 
Blood CO, rose to 42 p.c. 


Next 12 min. CO, output 150 c.c. 


(Blood CO, ultimately rose to 64 p.c. When constant-flow respiration 


was stopped the unimpeded natural breathing restored the blood CO, to 
- normal level in 10 min.) 


Cat B. Normal breathing 15 min. CO, output 290 c.c. 
Blood CO, 42 p.c. 
Constant-flow respiration 18 min. CO, output 27 c.c. 
Blood CO, 62 p.c. 


When the animal with chest intact is thoroughly curarized to paralyse 
natural breathing, constant-flow respiration is more regularly and strik- 
ingly ineffective. The blood CO, rose in one instance from 42 to 75 p.c. in 
30 min., and to 87 p.c. in 90 min.; in another from 36 to 50 p.c. in 25 min. 
and to 72 p.c. in 45 min. According to Irving, Foster and Ferguson 
[1932] the amount of CO, in the muscles per kg. body weight is five times 
as great as in the blood. If the body weight is 3-5 kg., a rise of 36 c.c. vol. 
p.c. CO, in the blood (such as occurred in the latter experiment) means 
a retention of 100c.c. CO, in the blood and of about 500 c.c. in the muscles 
in 45 min. or of practically the whole of CO, formed during that time. 
The rate of CO, output via the trachea shows erratic variations, but is 
commonly reduced to a small fraction (e.g. 10 p.c.) of its normal value. 


Experiments with chest opened. 
If the chest is opened CO, elimination under constant-flow respiration 


takes place more effectively than with the chest closed. This is indicated 
by the following observations: : 


(i) The blood CO, does not rise so rapidly or to such high levels, e.g.: 
Cat C. Initial blood CO, 44 p.c. 
Chest opened and constant-flow respiration aed; 


Blood CO, after 25, 35, 65, 80 and 105 min. was 56, 56-5, 56, 
57-5, 59, 59 p.c. 
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Cat D. Initial blood CO, 43 p.c. 
Chest opened and constant-flow respiration started. 
Blood CO, after 30, 60, 120 and 195 min. was 45, 54, 53, 55 p.c. 


(ii) If the blood CO, has previously been allowed to accumulate under 
constant-flow respiration with the chest closed, opening the chest — 
leads to a fall which may be considerable. 


12. ii. 34. 
CO, 
via trac 
Time Blood CO, p.c. (for 15 min.) Notes 
1.30 Curarized; chest 
intact 
1.45 59 
2.0 74 36 
2.15 75 36 
2.30 116 2.20-2.30 
2.35 57 
2-45 — 32 
2.55 50 ee 


The manipulations which take place while the chest is opened are equiva- 
lent to manual artificial respiration and temporarily increase the CO, 
output. The amount given off as shown in the above protocol does not 
account for the fall in blood CO,, as the rate of CO, elimination via the 
trachea was under 150 c.c. during the period of 10 min. In any case the 
blood CO, further declined in the succeeding 20 min. from 57 to 50 p.c. 
There can be no doubt that the CO, was eliminated almost wholly via 
the visceral pleura. 

(iii) If only a small part of the chest wall is removed the decrease in 
blood CO, may be very slight. 

Exp. 22.ii.34. Curare. Chest intact, constant-flow respiration. 
Blood CO, rose to 75 p.c. Three ribs were then removed on each side. 
20 min. later the blood CO, was 73 p.c. The rest of the chest wall was then 
removed, (Only 5 c.c. CO, were given off via the trachea during the mani- 
pulations.) 20 min. later the blood CO, was 63 p.c.; 40 min. later 59 p.c. 

(iv) A series of experiments were performed to demonstrate directly 
the relative extent of the elimination of CO, that took place via the 
trachea and visceral pleura respectively when the chest was wide open. 
The degree of positive pressure employed was adjusted in a way that was 
thought to favour the passage of CO, outwards; it was always sufficient 
to produce moderate distension of the lungs, so as to expose as large a 
surface as possible without, however, being so great as to compress the 
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pulmonary capillaries and so hamper the blood flow. The animal was then 
placed in an airtight box provided with several outlets: one for the tube 
from the tracheal cannula which connected with the artificial respiration, 
one for sampling the air in the box, and two to enable a current of air to be 
‘blown through the box. The air from the lungs (tracheal perfusate) and 
from the box (box perfusate) was collected in separate Douglas bags. 
Preliminary experiments showed that if no air current was blown through 
the box (which had a volume of 9 litres) the CO, percentage in it rose 
rapidly, going up (in a representative experiment) in 20, 40 and 63 min. to 
1-0, 2-1 and 2:6 respectively. In this instance 250 c.c. CO, were given off 
in an hour via the pleura against a normal CO, output of 900 c.c., and the 
blood CO, rose from 43 to 52 p.c. The results of three typical double per- 
fusion experiments were as follows: | 

2. ii. 34. In 105 min., tracheal CO, output, less than 25 c.c.; CO, out- 
put va pleura 730 c.c. 

6. ii. 34. Tracheal perfusate CO, output, 15¢.c. in 110 min. CO, out- 
put via pleura: 220 c.c. in first 40 min., 760 c.c. in next 70 min. 

2. ii. 34. Tracheal perfusate CO, output, 25 c.c. in 105 min. CO, out- 
put via pleura, 714 c.c. in 105 min. 

These experiments show that the changes in the CO, of the blood © 
which occur when constant-flow respiration is given with the chest wide 
open will depend almost entirely on the rate at which CO, can diffuse out 
through the visceral pleura. It should be remembered that on an average 
every 1 c.c. p.c. rise or fall in the CO, concentration in the blood corre- 
sponds (in an animal weighing 4-0 kg.) to a change of 3 c.c. total CO, in the 
blood and of 15 c.c. in the muscles, making 18 c.c. in all. 

With the chest wide open and constant-flow respiration in use, when 
the blood COQ, is about 70 p.c. corresponding to a tension of over 80 mm. 
on the oxygenerated blood curve, our results show that enough CO, can 
be given off under favourable conditions to cope not only with current 
CO, production but also with a considerable proportion of the previous 
CO, accumulation. When the CO, content falls to about 50 p.c. corre- 
sponding to about 40 mm. CO, pressure it becomes only just possible to 
deal with current CO, formation. In other words, when CO, elimination is 
taking place predominantly via the visceral pleura, a gradient between the 
blood and the outside air of at least 40 mm. CO, pressure is necessary to-- 
deal with about 800 c.c. per hour CO, which are usually formed, as com- 
pared with a difference of a few millimetres which suffices under normal 


conditions when the gaseous interchanges are taking place between the 
blood and the normally ventilated alveolar air. 
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Oxygen diffusion through the visceral pleura. 

To study oxygen interchanges through the visceral pleura the follow- 
: ing method was adopted. Artificial respiration was carried out with low 
BS oxygen mixtures for periods of 10 min.—first with the chest closed and 
later with the chest widely opened, and the percentage oxygen saturation 
[of the arterial blood determined under both circumstances. When the 
chest is open the blood in the lungs is exposed simultaneously to the low 
oxygen pressure in the alveoli and to the higher oxygen in the room air. 
- If the oxygen saturation were higher in the blood in this latter case it 
( would be indicative of oxygen diffusion from the outside air through the 
| visceral pleura into the blood. The Palmer ideal pump was employed 
% using a fixed rate and stroke. Preliminary experiments showed that with 
the level of ventilation employed 10 min. was a long enough period to 
3 establish a constant oxygen pressure in the alveolar air. A sufficiently 
\ large stroke was employed to ensure good distension of the lungs, so that 
| when the chest wall was removed a considerable surface was exposed to 
| ; the outside air. The carotid sinuses were denervated because (as shown by 
| | - Selladurai and Wright [1932]) oxygen lack under these conditions 
. rapidly paralyses respiration ; the cessation of active respiratory movements 
causes the chest to follow the pump movements passively and makes the 
ab ventilation with the chest open and closed strictly comparable. Itis unlikely 
that the resistance of the inactive chest wall makes any significant difference 
to the degree of distension of the lungs as the pump employed is a powerful 
a one. The oxygen mixtures employed were selected to fall on the steep part 
~ ee of the dissociation curve so that a small rise of blood oxygen tension would 

produce a readily determinable change in percentage saturation. 
When the chest is open the lungs often collapse more during expiration 
than they probably do with the chest closed; this varied with the degree 
of elasticity of the lungs. To make conditions more closely comparable a 


mixture rateandstroke p.c.O, 0, tension p.c.Q, 0, tension 
Exp. p.c. culated 
| 6. if 64 30x 100 48 29 73 41 
ee 5, iii 5:5 12 x 100 31 22 4 27 
cs 7. iii 6-0 12 x 100 34 23 59 34 
na 12 x 150 59 34 79 49 
7. iii 6-0 12 x 100 48 29 58 34 
12 x 100 46 28 70 40 
8. iii 5:7 12 x 100 41 25 62 35 
; | 12 x 150 62 35 79 49 
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small amount of expiratory resistance was employed when the chest was 
open. The results obtained are shown in Table I.- The oxygen tensions 
were determined from the standard hemoglobin dissociation curve. No 
- allowance was made for possible changes in CO, tension. The results as 
given show quite regularly a higher percentage saturation in the arterial 
blood with the open chest. 

The calculated 0, tensions with the chest open are, however, un- 
doubtedly incorrect, because direct experiment shows that the amount 
of artificial respiration employed produces considerable acapnia which 
shifts the dissociation curve to the left, so that the higher percentage 
saturation obtained does not necessarily indicate a correspondingly 
raised oxygen tension. The experiments were, therefore, repeated, adding 
percentages of CO, varying from 3-6 to 5-6 p.c. to the low oxygen mixture 
used. The results are given in Table II and now show a very slight rise of 
oxygen pressure (average 3 mm.) when the chest was opened. 


Taste IT | 
Artificial Chest closed Chest open — 
Mixture p.c. respiration 
| aS rate and stroke p.c. O, 0, tension p.c. O, Fiat 
Exp. O, CO, saturation cal 
12 x 100 29 34 23 
Sas 12 x 150 37 24 36 24 
llL.iii 63 44 12 x 100 32 22 54 ‘31 
12x10 4 28 59 34 
13.ii 59 58 12 x 100 28 19 33 22 
12 x 150 35 23 35 23 
14.ii 70 56 12 x 100 35 23 42 25 
12 x 150 48 29 52 30 
Average 36 23°5 43 26-5 


If the experiment of 11. iii is excluded the difference in the two sets of 
observations becomes only 2mm. Furthermore (as pointed out to us by 
Prof. Barcroft) it is impossible to say how uniform is the degree of 
distension of different parts of the lungs with the chest opened and closed. 
Minor variations in this respect could easily account for the trivial differ- 
ences in arterial oxygen pressure obtained. 

To get still more decisive results some experiments were finally per- 
formed in which, after the chest was opened, the animal was placed in a 
box through which a stream of pure oxygen was passed so that the pul- 
monary blood vessels were exposed to a very high oxygen pressure on the 
outside of the visceral pleura. The most favourable conditions were thus 
provided for oxygen diffusion inwards. Artificial respiration was carried 
out as before. In two representative experiments the arterial oxygen 
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pressures with the chest closed were 23 and 30 mm., and with the chest 
open and the lungs exposed to pure oxygen the results were 25 and 4 mm. 
respectively. 


‘Discussron AND CONCLUSIONS. 


The relative sizes of the surface of the alveoli and of the visceral pleura 
in the cat are not known, but some approximate data are available for the 
human subject. According to Zuntz and Loewy the area of the alveoli 
in man is 90 sq. metres. The area of the surface of the moderately dis- 
tended human lungs is about 0-2 sq. metre, or about five hundred times _ 
smaller. The thickness of the visceral pleura relative to that of the al- 
veolar epithelium is about ten to one. The velocity of gaseous exchanges 
varies directly as the area and inversely as the thickness of the membrane. 
Gaseous interchange through the visceral pleura should, therefore, be © 
several thousand times less efficient than through the alveolar epithe- 
hum, 

These theoretical data can be compared with the experimental 
results. Evans calculated that a CO, pressure difference of 0-03 mm. is 
sufficient to eliminate the CO, formed in the resting body. In our ex- 
periments it was found that a pressure difference of 40 or 50 mm. CO, 
was needed between the blood and the outside air to dispose of con- 
current CO, production via the pleura; this figure is on an average about 
1500 times as large as the normal. This gives an index of inefficiency 
of interchange of is 3 corey the same order as that theoretically 
deduced. 

In the case of the experiments with oxygen an allowance has to be 
made for the fact that oxygen diffuses twenty-five times less rapidly than 
CO,. On the basis of our data and those of Zuntz and Loewy a pressure 
gradient between the outside air and the blood of several thousand milli- 
metres oxygen pressure would be necessary for normal arterial oxygen 
saturation to be brought about by this route, Our observations show, in 
agreement with this, that when the lungs are exposed to outside air 
(O, pressure gradient of about 100 mm.) the uptake of oxygen is almost 
negligible. It is somewhat surprising that more definite improvement in 
the oxygenation of the blood was not observed when the pressure gradient 
was raised higher by replacing the atmospheric air by means of oxygen. It 
is clear that under the most favourable circumstances the diffusion of 
oxygen through the visceral pleura is very slow. 

‘Our results suggest that the value of constant-flow positive pressure 
respiration in man depends principally on the following considerations: 
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(i) the ‘blood is adequately oxygenated; (ii) the presence of active 
respiratory movements produces partial elimination of CO, wa the 
trachea; (iii) as the chest wall is opened some CO, loss takes place through 
the visceral pleura; (iv) in operations of comparatively short duration 
_ there is no time for the blood CO, to rise excessively when one takes the 
CO, binding powers of the tissues into account; (v) CO, excess may not 


produce the same degree of permanent injury to tissues, vias to the 
as does anoxia. 


SuMMARY. 


1. A study of constant flow positive pressure respiration led to an 
examination of gaseous interchange through the visceral pleura in the cat. 
2. The passage of CO, outwards from the blood through the visceral 
’ pleura takes place about 1500 times as slowly as into the normally venti- _ 
lated alveoli. To eliminate all the CO, which is being concurrently made, a 
pressure gradient between the blood and outside air of 40-50 mm. is 


8. The passage inwards of oxygen from the outside air through the 
visceral pleura takes place far more slowly than is the case with CO,. A 
pressure gradient of several hundred millimetres only produces doubtful 
or just perceptible effects on the degree of oxygen saturation of the blood. 

4. On the basis of the results obtained the merits of constant-flow 
in man are discussed. 


Government Grants Committee of the Royal Society. 
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REPETITIVE STIMULATION BY COMMUTATOR 
AND CONDENSER. 


By A. V. HILL. 


Ve the Department of Physiology and Biochemistry, 
Unwersity College, London.) 


(Received July 11, 1934.) 


In all experiments made during the last few years on the heat production 
of nerve, and in recent experiments by Hill [1934] and by Scott [1934] 
on the time relations of excitation during repetitive stimulation, the 
stimulus has been a series of condenser discharges (one-way or alternating) 
provided by a condenser C (Fig. 1) connected to a revolving commutator 
and a battery. By means of this, all the pertinent characteristics of a 
stimulus can be controlled, namely: 

(a) Frequency of shocks. 

(6) Intensity (voltage) of each shock. 

(c) Duration (“discharge time’’) of each shock. 

By “discharge time” is meant RC, C being the capacity (in farads) of 
the condenser, and £& the resistance in ohms of the discharge circuit. RC 
is the time in seconds for discharge to 1/e of the original charge, e being 
the base of the Napierian logarithms, the inductance of the circuit being 
neglected. 

The commutator ring A has been of three different types: 

(a) Containing a single pair of segments as in the revolving commu- 
tator listed by Messrs W. G. Pye; a similar ring was made for Mr Scott by 
Messrs C. F. Palmer. 


(6) Containing four pairs of triangular segments, to allow the dura- 


tion of contact to be varied (without variation of frequency) by moving 


the central brush a sideways. 

(c) Containing a large number of segments (e.g. 40 or 46) ; this type 
of ring is of the ordinary commercial pattern, built up of copper segments 
with mica insulation. The ring itself can be obtained from Messrs Samuel 
Baxter of London, the complete commutator from Messrs C. F. Palmer. 

The ring is mounted with a flywheel B on a shaft which revolves in 
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ball-bearings. A worm W on the shaft drives the wheel D which rings a 
bell once in every 100 revolutions of the commutator: by this the speed 
can be measured with a stop-watch. By pulleys, a countershaft and a 
motor any desired speed can be obtained. In type (c) the even segments 
are joined together in parallel by soldered wires to an insulated brass 


fs 


(1) 
Fig. 1. Revolving commutator with condenser, battery and resistances for nerve, or muscle, 
stimulation. A, commutator ring on shaft, with segments connected alternately to 
brass rings F and G carried on insulating brushes on the same shaft. B, flywheel. W, 
worm, driving toothed wheel D, which rings a bell every 100 revolutions of commutator. 
Shaft mounted on ball-bearings. f, g, a, insulated brushes of thin phosphor-bronze or 
copper strip, making contact with brass rings and commutator respectively, so that a 
is connected alternately to f and g. V, battery. C, condenser. N, nerve lying on elec- 
trodes e, ¢. R,, shunt; R,, series resistance. K, key for connecting to (1) for one-way 
shocks, to (2) for alternating shocks. 
ring F mounted on the shaft to the right of the commutator; the odd 
segments to a similar ring G on the left of the commutator. Three insu- 
lated phosphor-bronze or copper brushes, a, f, 9, make contact with the 
commutator and the two rings, so that the middle brush is put into 
electrical connection alternately with the other two. With the connec- 
tions shown in Fig. 1 and the throw-over key K connected to (1), a nerve 


can be stimulated with a series of condenser discharges all in one direc- 
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tion (“one-way’’); or, by turning the key K over to (2), with a series of 
charges and discharges alternating in direction (“alternating”’). 

To insure that no sparking occurs at the higher potentials as the brush 
passes from one segment to the next, the insulation should be rather wide. 
With types (a) and (6) there is no difficulty; with type (c) it is necessary 
to insist that the mica insulation should be at least 1-3 mm. across. When 
the commercial rings (c) are new the insulation resistance between the 
opposing systems of segments is apt to be rather low, perhaps owing to 
moisture in the dielectric; with time and use, however, a great improve- 
ment occurs, and the insulation resistance between F and @ rises to 
hundreds of megohms. 

The stimulator has generally been used with sensitive electrical recording 
apparatus, and it has been found best to remove the commutator and its 
motor some distance from the rest. The broken lines in Fig. 1 represent 
several metres of wire, flexible or lead-covered cable, connecting the com- 
mutator to the experimental table. The lead cover, when used with neuro- 
thermic apparatus, was earthed to avoid electrostatic disturbances. 

_ With a 46-segment commutator (type (c)) the frequency can be varied 
as desired up to about 2500 one-way shocks per sec., or up to 5000 alter- 
nating shocks per sec. With low frequencies it is better (see below) to use 
@ ring with a smaller number of segments, in which, for a given frequency, — 
the linear speed is greater. The shocks can be varied in intensity by ad- 
justing the voltage V ; they can be varied in discharge time RC by altering 
either the capacity C or the discharge resistance R of the circuit. It is 
convenient to have a small box containing a few non-inductive resist- 
ances so as to vary R, and R, (Fig. 1) by switchessas required. The stimu- 
lating efficacy of a shock is defined when we know the voltage, V, from 
which it is discharged, and its discharge time RC, assuming that there is 
no inductance in the discharge circuit. If RC =10~-* the discharge time is 
1. microsecond; if RC =10-* the discharge time is lo, or 1 millisecond. 

The arrangement used for defining the discharge resistance R is 
similar to that employed by Lapicque [1926] and is shown in Fig. 1. 
The nerve of resistance N rests on electrodes e, e. For these it is best to 
_ use calomel half-cells, which are reliable and non-polarizable, with suit- 
able connections moistened with Ringer’s fluid. In series with the nerve 
is a resistance R,, made up of a non-inductive resistance and the calomel 
cells. Shunting (2, +N) is a resistance R,. Then 


R=R,(1— 
If (R, +R, +N) is made large compared with R, , e.g. 50,000 ohms as com- 
PH. LXXXII. 28 
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pared with 100, R is effectively R, and is known; or alternatively (R, +N) 
can be directly determined; even an approximate determination is 
sufficient, provided that (R, +N) is large compared with R,. 

There were several possible difficulties, or sources of error, in the use 
of this arrangement: (a) there might be sufficient inductance in the cir- 
cuit to prevent the discharge of the condenser from following a simple — 
exponential course, in that case the discharge would be slower than 
supposed; (b) the lines themselves, or the commutator, might have ap- 
preciable capacity; (c) with small capacities there might be appreciable 
leakage in commutator or lines, in the intervals between contact on alter- 
nate segments; and (d) with very rapid discharges the contact between 
the brush and the segments of the commutator might provide a resistance 
large enough to affect the time relations of discharge, and so give shocks 
which were different from those calculated from capacity and resistance. 
We will consider these possibilities separately. 

(a) Inductance of circuit. In a circuit with inductance L henrys and 
capacity CO farads the periodic time of oscillation is 27 VLC sec. If there 
be a resistance in the circuit the periodic time becomes rather greater, 
until the oscillation becomes critically damped when R*?=4L/C. If the 
discharge is effectively to follow the simple exponential relation, the 
resistance must be so great, or the inductance so small, that R? is suffici- 
ently large compared with 4Z/C. In practice, in the present connection, 
it will be sufficient if R is three times as great as 2V L/C. 


~ It can be shown that the discharge of a condenser of capacity C through a resistance R of 
inductance L follows the equation 


When is large, this becomes Q/Q, =e~ 4/2, 
For other values of 4 the equation becomes: 
p= 2, Q/Qo= 1-07 Te OTHIRC _ 9.077 
p=3, ~ RE _ 9.93 0¢ RC, 
p=5, Q/Q,= 1-010¢~ 010t/RC —0-010¢e~ 
Q/Qy= 1-005e~ O54 RC _ 9.09 5¢~ RO, 
(i) the second term is negligible: thus for t/RC =0-2 and »=3, the second term is 
only 0-00003; 
(ii) the first term is nearly equal to e~“/“°: thus for t/RC =0-2, e~"/2C 0.819, for 
t/RC =0-5, e~ #2 0.606; for »#=3 and these times the first term is, respectively, 0-838 
and 0-615; for u.=5, respectively, 0-825 and 0-609. 


Thus, provided that #=at least 3, and preferably 5, the discharge is practically un- 
affected by the inductance. = 
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When the arrangement is used for very short discharge times it is 
necessary to insure that L, the inductance, is small enough. The induct- 
ance can be found at the same time as the extra capacity of the lines, 
with the commutator and its accessories arranged for nerve stimulation, 
by the method described in the next section. The circuit employed for 
one-way discharges in the neurothermic experiments had an inductance 
of about 8 microhenrys: that used by Mr D. Scott in his recent work on 


the time relations of repetitive stimulation [1934] had an inductance of 


about 11 microhenrys. Knowing the inductance we can calculate the 
resistance necessary to insure exponential discharge of the type e-+/2¢. 
It was shown above that R must be at least three times the critical value, 


namely, 2‘ L/C; expressed in another way R must be at least 36 L/RC. 
Now RC is the discharge time. Assume a discharge time of 10-> sec. and 
let L=11 x 10-*; then R must be at least 40. Assume a discharge time 
of 10-* and the same value of L: then R must be at least 400, With R = 400 
and RC=10-* the capacity is 0-0025 microfarad. This is a practicable 
value, as is seen in the next section, so that discharge times down to a 
millionth of a second can safely be used. 

For longer discharge times there is no difficulty. For shorter ones it~ 
is necessary to avoid the effect of inductance by using not too low a dis- 
charge resistance. For the shorter times this implies the use of a rather 
low capacity in order to get the required value of RC. The capacity 
used must not be so low that that of the circuit itself ceases to be 
negligible. Fortunately, the capacity of the circuit has proved to be rather 
small, 

(6) Capacity of curcuit. The discharge circuit has a capacity of its own, 
the value of which depends upon the way in which it is measured. Small 
condenser capacities are used in practice only for rapid discharges, and 
since the capacity of the circuit itself is always rather small, however 
measured, it is only with rapid discharges that it might become important. 
To make the circuit capacity negligible in comparison with the condenser 
capacity the latter should be kept as large as other considerations permit ; 
since, however, for a given value of the discharge time RC, R must be at 
least 36 L/RC (see preceding section) there is a limit to the value of C 
allowable; and the possible trouble discussed in section (d) below is less 
if R is greater, 1.e. C smaller. 

The best way to determine the extra capacity C, and the extra in- 
ductance L, , of the discharge circuit itself is, in Fig. 1, to connect K to (1) 
by turning the switch, and a to f by adjusting the commutator, and to 
replace the condenser C by an oscillating circuit consisting of a suitable 
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capacity C, and inductance L,. The total inductance of the circuit then 
is (L,+L,), the total capacity (0,+C;,), and the period of oscillation 


QarV(L, +L,)(C,+C,). A hot-wire thermocouple (vacuo-junction) in the 
circuit, with its couple connected to a galvanometer, allows resonance 
with a calibrated wavemeter to be determined. The oscillation frequency 
of L, with C, being P, and of (L,+L,) with (C,+C,) being P, we have 


(1+ L,/Z,) (1 +C,/C,) = 


By making L, rather small and C, so large that C,/C, is negligible, L,/L, 
can be determined. By making L, large and C, small, C,/C, can be deter- 
mined. In this way L, and C, can be found with considerable accuracy. The 
following values were obtained with a Sullivan wavemeter and various 

frequencies between 400 and 1000 kilocycles per second: | 


Circuit A (neurothermic): inductance 8H, capacity 0. 
Circuit B (Scott’s): inductance 11 wH, capacity 2 upF. 


Thus. for high-speed discharges, corresponding to high-frequency 
oscillations, the extra capacity of the circuit itself is negligible (see section 
(d) below). The large extra capacity found by other methods is due to ab- 
sorption of electricity into the insulation, or similar causes; the energy of 
the discharge is not increased by it, nor can the stimulating efficacy be. 
The discharge of this extra capacity is too slow to affect the rapid shocks; 
and with slow shocks the condenser capacity has to be so large in any 
case that the extra capacity is negligible. Thus, with reasonable precau- 


- tions, the capacity of the circuit itself can be neglected, provided that the 


condenser capacity be not reduced below about 500 upF. 

(c) Leakage. With a condenser of small capacity, if the insulation in 
lines or commutator were faulty, there might be appreciable loss of 
charge while the brush a passed across the intervening insulator from the 
charging to the discharging segment. With all the commutator rings em- 
ployed, when brush a was resting on the insulator between two segments, 
the discharge of C (Fig. 1) went on at a rate corresponding to a resistance 
of about 2000 megohms (neurothermic circuit) or 4800 megohms (Scott's 
circuit). At a very low frequency (e.g. 4 shocks per sec.) the interval 
available for leakage between successive contacts on charge and discharge 
segments might be as great as 0-03 sec. (With the commutator of many 
segments the time might be greater, but this should not be used for very 
low frequencies.) Even with a capacity as low as 0-001 uF the amount lost 
by leakage in 0-03 sec., in the two circuits, would be respectively 0-6 and 
1-4 p.c. of the initial charge. Thus, with these commutators and circuits, 
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loss by leakage of charge is of no importance except in very unusual cir- 
cumstances which should be guarded against. | 

With the commutator ring of many segments (type (c)) the resistance 
between G and F is about 200 megohms. This allows a very small constant 
current to run in the circuit, which is without effect; it has no influence 
on the maintenance of its charge by the condenser. 

(d) Contact between brush and commutator. With the shorter discharge 
times discharge will be complete before the brush running on the com- 
mutator has come any considerable distance into contact with the dis- 
charge segments. The circumference of the commutator rings is about 
15 cm., and even at the highest speed, say 100 rev. per sec., the linear 
speed past the brush is only 1500 cm. per sec. In 1 microsecond the brush 
would come 1500 x 10-* cm. =15. A considerable part, therefore, of the 
discharge might be complete before the contact of the brush with the 
commutator had exceeded 2 or 3. At lower speeds of the commutator 
the distance travelled by the ring under the brush, before the discharge 
was effectively completed, would be still less. 

It seemed @ priori very unlikely that the commutator would be so 
smooth and the brush so good that contact of this instantaneous character 
would be established without introducing at the first moment of contact 
a resistance sufficient to disturb the time relations of discharge. It would 
be possible to test this experimentally by putting the condenser discharges 


- into a cathode-ray oscillograph and observing them directly. A simpler 


method, however, is available by the use of a vacuo-junction and a gal- 
vanometer as follows. 

If there be a resistance at the contact between brush and segments 
then a corresponding proportion of the energy of discharge will be lost at 
the contact. Let us introduce into the discharge circuit the hot wire of a 
vacuo-junction, or an insulated resistance wire wound non-inductively 
on a thermopile, and connect thermo-element or thermopile to a galvano- 
meter. The greater the resistance at the contact the less will be the energy 
received by the hot wire. Let us, with constant frequency, vary the 
capacity O and the voltage V and find the ratio of steady reading to CV*. 
If this is the same for large capacities (slow discharges) as for small 
capacities (rapid discharges), there cannot be appreciable resistance at 
the contacts since these are bound to be more efficient with slow discharges. 
If there is a resistance at the contacts, the rapid discharges (small 
capacities) will give a smaller reading for a given CV?. 

An even more complete test is to find the value, in absolute energy 
units, of 1mm, deflection of the galvanometer connected to vacuo- 
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junction or thermopile, for the two cases (I) direct current (condenser 
short-circuited), and (II) condenser discharges. If these agree there cannot 
be appreciable loss of energy at the contacts on the commutator. 

A number of tests of this kind were made of which the general result 
is as follows. There is no appreciable loss of energy at the contacts pro- 
vided that in the discharge time RC the ring has travelled under the brush 
a distance of at least 0-01 mm. This seems to allow a sufficiently good 
contact to be made. For short discharge times, therefore, it is necessary 
to have a high linear speed of the commutator ring, which means, unless 
a very high frequency of stimulation is to be employed, that the ring 
must have comparatively few segments. For work such as that by Scott 
[1934] it is better to use a ring with a single pair of segments driven at a 
rather high speed. 

_ Provided, therefore, that the surface speed of the commutator ring 
is high enough, and that suitable precautions are taken, the shocks run 
exactly to schedule right down to discharge times of a microsecond. This 
will not be the case if the commutator be allowed to become dirty or the 
brush out of shape, and for security in experiments with very short dis- 
eharge times it is better to introduce a vacuo-junction, or a hot wire 
wound on a thermopile, into the discharge circuit, and at intervals to 
check the working with a galvanometer. A resistance has to be intro- 
duced in any case, and this could include the hot wire. 

It is astonishing perhaps that such good results are obtained with so 
little trouble. The commutator ring must. be treated with care and allowed 
a very small amount of good oil. The brush must be adjusted to make a 
good contact with it at an obtuse angle; it should be of thin copper or 
phosphor-bronze strip, suitably supported with a spring, with its end cut 
accurately parallel to the segments. With reasonable precautions and due 
attention to the factors discussed above, the arrangement is capable of 
great accuracy and it is very convenient in use. 

Sparking at the contacts, due to a combination of a large capacity 
and a high voltage, must of course be absolutely avoided. i 

A further source of error, but of an elementary kind, would be due 
to driving the commutator at a speed too high to allow discharges to take 
place between successive contacts. For this reason the “rheobase” can- _ 
not be reached during repetitive stimulation at any but a very low fre- 
quency. Discharge being e~’"°, the charge has fallen to a negligible 
value when ¢/RC =say, 4. Thus the time of contact on a segment must 
not be less than 4RC. This time, with the 46-segment commutator, is 


_ about 40 p.c.’of the whole cycle (charge and discharge); thus the interval 
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between discharges must not be less than about 10 RC. If, for example, 

we were using a discharge time of lo, RC=10-*, the interval between 
successive shocks should not be less than 100; the frequency, therefore, 

must not be more than 100/sec. Thus spies stimulation cannot 

be applied when the discharge time is long. 


SumMARY. 


For repetitive stimulation of nerve or muscle, with electric shocks of 
known frequency, intensity and discharge time, a revolving commutator 
of adjustable speed, with variable condenser and potential, is convenient 
and accurate. With simple precautions the effects of (a) inductance, 
(b) capacity, (c) leakage, (d) imperfect contact between brush and com- 
mutator, and (e) incomplete discharge, can be avoided, and it is possible 
to work with frequencies as high as 2500 a sec. and with discharge 
times as short a 1 microsecond. 
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THE CURARIFORM ACTIVITIES OF STRYCHNINE 
METHO-SALTS AND CURARINE CHLORIDE. 


| By 8. L. COWAN ann H. R. ING. 
(From the Department of Pharmacology, University College, London.) 
(Received July 12, 1934.) _ 


REcENTLY we have had an opportunity of comparing, both in vitro and in 
vivo, the properties of strychnine metho-salts and two samples of purified 
curarine chloride. For one of the curarine chloride preparations, from 
botanically authenticated Strychnos toxifera, we are indebted to Dr H. 
King; for the other, which was a sample of Boehm’s original prepara- 
tion, we are indebted to Prof. C. Lovatt Evans. 


In VITRO EXPERIMENTS. 


These experiments, which were made with the isolated sartorius 
nerve-muscle preparation by the method of Ing and Wright [1931], 


uncomplicated by undesired physical factors such as rates of diffusion, or 
by physiological factors such as action on the central nervous system or 
rates of elimination. 

The strychnine methiodide was prepared by the standard method of 
treating strychnine with excess of methyl iodide and was purified by 
repeated crystallization from water. 

A pair of sartorius nerve-muscle preparations from one frog (Rana 
esculenta) was used to compare the activities of two of the compounds 
under examination. In this way the activities of King’s curarine 
chloride, Boehm’s curarine chloride and strychnine methiodide were 
compared taking these substances two at a time and using solutions of 
concentration 1 millimol per litre in phosphate buffered Ringer’s solution. 
A similar series of experiments was made with solutions of concentration 
0-1 millimol per litre. The results given in Table I show that at both the 
concentrations used strychnine methiodide produces paralysis more 
rapidly than curarine chloride. It is doubtful whether this difference is 
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Taste I. Mean times in minutes required for complete paralysis of sartorius 
_ nerve-muscle preparations to indirect stimulation. Temperature 17° C. 


Concentration in millimols/litre 
Material 
Strychnine 3-0 6-3 
2 (mol. wt. 476) 
King’s curarine chloride 37 
(mol. wt. 317) - 
Boehm’s curarine chloride 3-8 70 
(mol, wt. 317) 


significant, since the molecular weight of curarine chloride is not known 
with certainty. We used Boehm’s [1897] formula C,,H,,ON,CI (mol. 
| wt. =332-7), but by an error adopted the figure 316-7 for the molecular 
weight. The figures for strychnine methiodide confirm those already 
published [Ing and Wright, 1933]. The two samples of curarine chloride 
: | were equally active in causing paralysis. 

| Because strychnine methiodide is easily prepared in a pure state the 
above results suggested that it might be a good substitute for curare: 
however, experiments with intact frogs showed that it cannot be used 
under all conditions. 


In vivo EXPERIMENTS. 


These experiments were all made with decerebrate frogs (R. esculenta). 

From 0-5 to 1-0c.c. of 0-1 millimolar curarine chloride in Ringer’s 
solution (0-016-0-032 mg. of curarine chloride) was required to paralyse 
completely an 80 g. frog for 12 hours. Whether the solution was injected 
into the dorsal or the ventral lymph sac there were no signs of enhanced 
reflex excitability and paralysis was complete in 10-15 min. 

One c.c. of 0-1 millimolar strychnine methiodide solution injected 
under the skin of an 80 g. frog produced little effect; reflex excitability 
was slightly enhanced-and the animal landed somewhat clumsily after 
jumping. These effects passed off within half an hour. As strychnine 
methiodide had so little action we then tried injecting an increased dose 
of 2-3 c.c. of a millimolar solution in Ringer’s fluid into the dorsal lymph 
sac, allowing the syringe needle to rest immediately over the vertebral 
column. Within about a minute of making the injection we observed 
heightened reflex excitability and the animal jumped in response to very 
slight stimuli. In 5 min. there was partial paralysis and the rear legs 
could only be drawn up with difficulty if at all. A little later a finger 
placed lightly on the animal caused it to start and all four limbs were 
stretched out momentarily, both flexor and extensor muscles contracting 
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simultaneously and then becoming flaccid. This response was repeated as — 
the finger was removed. At the end of 10 min. paralysis had advanced 
further, although feeble reflex movements of the limbs could still be 
obtained; these degenerated into muscular twitchings of central origin 
and in about 15 min. visible respiration had ceased and paralysis was 
complete. The central symptoms just described were those usually ob- 
served at 17° C., but they could be modified by altering the method of 
administration of the strychnine methiodide solution or the temperature 
at which the experiment was carried out. On the one hand, when a little 
of the methiodide solution was allowed to reach the spinal cord through 
the opening made for decerebration the central effects resembled more 
closely those produced by strychnine in frogs of this species; on the other 
hand, when the methiodide solution was injected into the ventral lymph 
sac the central effects were so much reduced that they might escape 
observation. In some experiments at 23° C. the central action was less 
marked, probably because paralysis set in earlier than at the lower 
temperature and was complete in 10-12 min. 

Jolyet and Cahours [1868], in some experiments on frogs with 
strychnine methiodide, observed signs of central nervous action similar 
to those which we have described, but Crum Brown and Fraser [1869], 
who repeated their work, could find no such action and suggested that 
Jolyet and Cahours had used strychnine methiodide containing un- 
combined strychnine. In view of these conflicting observations we re- 
peated our own experiments with a very carefully purified sample of 
strychnine methiodide. Some of our strychnine methiodide which had 
already been purified by several recrystallizations was refluxed on a 
water bath for several hours with pure methyl iodide in order to remove 
traces of unconverted strychnine and then the product was recrystallized 
several times. When a solution of this pure material was injected into the 
dorsal lymph sac of a frog the central nervous action appeared to be just 
as marked as it had been with the sample of methiodide used in our earlier 
experiments. As a result of these experiments and those in which the 
mode of administration was varied, whether or not the strychnine meth- 
iodide used by Jolyet and Cahours contained uncombined strychnine, 
we conclude that pure strychnine methiodide has some central nervous 
action. Probably Crum Brown and Fraser failed to observe this 
central action because their mode of administration caused the meth- 
iodide to reach the peripheral neuro-muscular junctions before it reached 
the spinal cord. 

_ Since with 2-3 c.c. of strychnine methiodide solution paralysis lasted 
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only about 3 hours and since larger doses would have involved using 
rather large volumes of solution owing to the low solubility of the meth- 
iodide, we used a 5 millimolar solution of the more soluble metho- 
chloride in Ringer’s fluid. Also, there was the possibility that the poison 
would be absorbed more rapidly from the more concentrated solution. 
The strychnine metho-chloride was prepared by treating the methiodide 
in water with excess of silver chloride, and evaporation of the iodide-free 
solution after removal of the silver salts; it was purified by repeated re- _ 
crystallization from alcohol. Control experiments with a 1-0 millimolar 
solution of this metho-chloride showed that it produced paralysis in the 
same time and with the same symptoms as the methiodide. Moreover, 
0-4-0-6 c.c. of the 5 millimolar solution injected into an 80 g. frog pro- 
duced paralysis in 15 min., thus showing that there was no appreciable 
difference in the rates of absorption from 1 and 5 millimolar solutions. 
When larger doses of metho-chloride were injected into 80 g. frogs the 
time required to produce paralysis and the central symptoms were un- 
altered, but the paralysis lasted far longer; 1-5c.c. of 5 millimolar 
solution produced paralysis lasting about 15 hours, and 2-5c.c. paralysis 
lasting about 40 hours. | 3 

Both physiological [Bidder, 1868; Jakabh4&zy, 1899] and chemical 
[Boehm, 1920] tests have shown that when curarine is injected into frogs 
the greater part is eliminated unchanged in the urine. In view of the 
more rapid recovery of frogs paralysed with strychnine metho-salts we 
have studied the excretion of the metho-chloride. 

For one experiment an 84 g. frog was taken, its bladder emptied and 
2-5 c.c. of 5 millimolar strychnine metho-chloride in Ringer’s solution, an 
amount sufficient to paralyse it for 2 days, were injected. The animal was 
kept at 17° C. in a moist atmosphere; the urine was collected periodically 
by squeezing the abdomen gently and its strychnine metho-chloride 
content was estimated by injecting it into other frogs. At the end of 25 
hours 3:1 ¢.c. of urine containing 50 p.c. of the initial dose of metho- 
chloride had been collected; after 31 hours a further 2-7 c.c. of urine were 
found to contain 25 p.c. of the initial dose. Then, as the animal seemed to 
be somewhat dehydrated it was given 2-2 c.c. of Ringer’s solution sub- 
cutaneously and a third specimen of urine, 4-9c.c., collected 17 hours 
later was found to contain 20 p.c. of the initial dose of metho-chloride. 
By this time recovery seemed complete. The total amount of metho- 
chloride retrieved was about 95 p.c. of that given. 

In another experiment 1-5c.c. of 5 millimolar strychnine metho- 
chloride solution were injected into a frog (92 g.) with its bladder emptied. 
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Immediately paralysis had become complete the secretion of urine was 
prevented by tying off the renal veins and the ureters. The abdomen was 
stitched up and the frog was placed in a moist chamber. Recovery took 
about 224 hours, and as far as could be seen the preparation was normal, 
although not very active. A control frog given the same amount of 
metho-chloride recovered completely in about 14 hours, The experimental 
frog was pithed and a microscopic examination was made to verify that 
the ureters and renal veins had been tied off effectually. There was about 
3 c.mm. of urine in each ureter, but this amount was too small for any 
examination. The kidneys were dissected out, separated from the ureters 
and put into dilute hydrochloric acid; the liver was also excised and put 
into dilute hydrochloric acid. These organs were crushed with sand, the 
extracts boiled and filtered. The filtrates were evaporated to dryness, 
the residues extracted with absolute alcohol and the filtrates from this 
process taken to dryness. The residues were dissolved in known volumes 
of Ringer’s solution and the amounts of strychnine metho-chloride re- 
covered were estimated by injection into small frogs. In this way about 
45 p.c. of the initial dose was recovered from the liver! and 30 p.c. from 
the kidneys. 
SuMMARY. 


1. Experiments with the isolated sartorius nerve-muscle preparation 
show that pure strychnine methiodide is a slightly more active curarizing 
agent than purified curarine chloride. 

2. In the decerebrate frog strychnine metho-salts are less effective 
paralysing agents than curarine chloride, because they are excreted in the 
urine much more rapidly than is curarine; they produce central symp- 
toms similar to but feebler than those seen in the early stages of strych- 
nine poisoning. 

3. When the secretion of urine is prevented in a frog paralysed with — 
strychnine metho-chloride, the metho-chloride accumulates in the liver 
and to a lesser extent in the kidneys, * 


One of us (8. L.C.) wishes to thank the Senate of the University of London for a grant 
from the Thomas Smythe Hughes and Beaverbrook Funds towards the cost of this re- 
search, and the Medical Research Council for a personal grant. 


+ This extract gave rather marked central symptoms; it is possible that part of the 
hed some modiGention in the liver, 
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THE RENAL ELIMINATION OF PHENOL RED. 

By H. L, SHEEHAN H. SOUTHWORTH. 

(From the Department of Pathology, Unwersity of Manchester.) 
(Received July 14, 1934.) 


THE main purpose of the present work is the determination of the pro- 


portion of phenol red removed from the blood during its passage through 
the kidneys of rabbits at various times after intravenous injection. This 
proportion is for convenience called the renal extraction ratio. 
Investigations during the first minute after injection have been 
previously reported [Sheehan, 1931]. Marshall [1931] studied the 
proportion in dogs at 4-1} hours after injection, Starling and Verney 
[1925] in the perfused kidney of a dog at 7-27 min. after addition of 


phenol red to the fluid. These papers will be discussed later. No 


review is made here-of papers dealing with the elimination of phenol 
red oa the non-mammalian kidney. 


METHODS. 
Experimental. 

The animals used were rabbits weighing between 1-8 and 2-4 kg., the 
great majority being 2-0-2-1 kg. They were anesthetized by intravenous 
urethane and then given an intravenous injection of 1 p.c. phenol red 
solution. The amount of dye administered was usually 2-5, 10, or 50 mg. 
per kg. At various intervals afterwards a rapid “short-sample” operation 
was performed, primarily to collect samples of blood from the renal vein 
and heart, and also to remove both kidneys and to collect all the urine in 
the bladder. The dye contents of the various specimens were then 
measured in order to find the renal extraction ratios and the rate of 
excretion of the dye in the urine. The methods of anesthesia and opera- 
tion have been described previously [Dunn, Kay and Sheehan, 1931; 


4 
a 
a 
ay 
Pe 
A 
x 
ag 
A 
> 
fi 
f= 


ELIMINATION OF PHENOL RED.. 


Kay and Sheehan, 1933]; the chief modification being that the heart 
blood was obtained as described by Sheehan [1931]. 

Some doubt might be raised as to the method employed in the present 
work by inference from the fact that Marshall [1931] found that his 
technique for direct puncture of the renal vein was not very satisfactory ; 
the renal extraction ratios he obtained by direct needling of the renal vein 
were appreciably lower than those from insertion of the needle via 
tributary veins. The present method, however, appears in practice to be 
quite satisfactory. The renal vein is not exposed by any dissection even 
when embedded in fat; the only trauma to the renal pedicle is the plung- 
ing of the needle into the vein and the placing of a finger tip lightly on the 
vein between the needle and the inferior vena cava to prevent reflux of 
blood from the vena cava. The kidney is not touched. The entire operation 
takes about 20 sec. and the collection of the renal vein blood only about 
5 sec. The best proof of the absence of interference with the absorption of 
substances by the operated kidney from the blood is given by the “‘long 
sample” experiment, where the collection of renal vein blood is pro- 
~ longed even to a minute and the substance under test is not injected until 
the blood collection has started. The left kidney, whose vein is needled, 
takes up the same amount of the substance as the right. Thus in six 
experiments of this kind with glucose the left kidneys had an average of 
103 p.c. of the glucose contents of the right kidneys; twelve similar 
experiments with urea and creatinine [Kay and Sheehan, 1933] gave 
averages of 98 and 99 p.c. (In earlier work with dyes the correspondence 
was not so good as the operation involved tying the renal vein.) The only 
possible fallacy in this proof is that the renal blood flow may have de- 
creased and the extraction ratio proportionately increased in the case of 
the operated kidney as compared with the other kidney; the net result 
would be that the actual elimination would be the same on both sides. It 
seems, however, most unlikely that the two factors should vary inversely 
in such exact proportion that the quotient should be unaffected, and for 
practical purposes it can be taken that the renal extraction ratios were 
not altered as a result of the operation. 

The total phenol red excreted in the urine during the experiment was 
obtained by collecting the bladder urine at the end of the operation. 
Catheterization, which might produce reflex interference with renal 
function if performed before or during the experiment, is thus avoided, 
and: squeezing out of the bladder is done only after the operation is 
ended. The drawback to the method is that the urine in the bladder before 


__. the injection of the phenol red is mixed with that formed during the 
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experiment; it is thus impossible to determine the volume of urine 
reaching the bladder during the experiment. In a few instances the 
animal micturated after the injection but before the operation; this urine 
was collected and added to the bladder urine. 


Chemical. 

The phenol red in the blood and kidneys was measured by the method 
described by Sheehan [1931]. It is advisable to add a little additional 
oxalate to the blood-alcohol mixture to ensure full precipitation of the _ 
lead acetate, the sodium hydrate should not be grossly contaminated with 
carbonate, and the final solution must be well shaken two or three times 
until effervescence is ended. The method gives, without filtration, a 
solution containing all the phenol red in the tissues, with no trace of blood 
pigments and with no turbidity at all after alkalinization. It is in these 
respects more satisfactory than the methods of Marshall and Vickers 
[1923], Starling and Verney [1925] and Bernheim and Hitot- 
sumatsu [1924]; the adsorption loss during filtration probably accounts 
for the inability of Bern heim [1926] and Olivet and Prufer [1928] to 
detect by the last-named method any phenol red in the blood of dogs half 
an hour after injection of 60 mg. Direct estimation of the dye in alka- 
linized plasma orserum[Dawson, Evansand Whipple, 1920; MacKay 
and Oliver, 1930; Marshall, 1931] is not applicable to the small 
quantities of blood (1-2 c.c.) which were obtained in the present work. 

The two blood samples from each rabbit were read against each other 
as well as against the standard. 

In estimating phenol red in urine it was found advisable to centrifuge 
thoroughly after the usual dilution and alkalinization. 


EssENTIAL EXPERIMENTAL RESULTS. 


The more important figures from four groups of experiments on these 
lines are given in Table I. | 

Groups A and B for dosage of 2-5 and 10 mg. per kg. show such great 
similarity that they are considered together in most of the subsequent 
graphs and calculations, the data for the smaller dose being multiplied 
by four where appropriate to permit this amalgamation. Group C for the 
larger dosage of 50 mg. per kg. is continued for 14 hours after injection. 
Group D contains only two experiments; it is included here chiefly 
because it forms a link with the work of MacK ay and Oliver [1930] with 
doses of 200 and 300 mg. per kg. 


Foy 
= 
x 
at 
a 
= 
A 
3 
4a 
‘¢ 
3 


ELIMINATION OF PHENOL RED. 44] 


Taste I, 
mg. red Renal 
, Time after per 100 c.c. blood extraction 
injection A ratio 
Rabbit min. Heart Renal vein p.c. 
; 2-5 mg. per kg. 
Al 2 1-61 0-99 39 
A2 4 1-60 0-99 38 
A3 6 1-12 0-73 35 
A4 8 0-80 0-56 30 
A5 12 0-50 0- 50 
A6 18 0-26 0-15 42 
A7 21 0-20 0-14 30 
10 mg. per kg 
Bl et 8-2 5-0 39 
B2 3 5-6 36 36 
B3 5 46 3-0 35 
B4 8 3-16 1-95 38 
B5 10 2-37 1-22 49 
2-11 1-40 34 
| B7 15 2-23 1-29 42 
B8 17 1-88 1-58 16 
B9 18 0-99 0-65 34 
B10 22 1-0) 0-66 35. 
Bll 27 0-49 0-63 33. 
Bl2 37 0-34 0-24 29 
| 50 mg. per kg, 
Cl 5 27-5 19-4 30 
C2 ~ 27-3 22-3 (18) 
C3 ll 21-9 16-1 27 
C4 13 143 10-9 (24) 
C5 20 8-3 6-4 23 
C6 30 43 3-2 26 
C7 «38 2-41 1-69 30 
C8 49 2-37 2-05 (14) 
C9 50 2-19 1-62 26 
C10 54 1-96 1-76 (10) 
Cll 61 . 1-68 1-44 14 
C12 61 2-53 1-95 23 
C13 80 0-68 0-37 46 
C14 87 0-53 0-34 36 
100 mg, per kg. | 
D1 30 15-1 12-4 18 
D2 39 107 11 28 
R f f e 2 
The renal extraction ratio is calculated as 
100 x Dye content of heart blood -dye content of renal vein blood 
Dye content of heart blood , 
This gives the percentage of the dye in the blood which is removed by the 
kidney from the blood passing through it. 

The heart blood is collected a few seconds after the eal vein blood 
instead of about 3 sec. before, as would be theoretically accurate. The 
heart-blood figures have therefore been subjected to a correction which is 
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determined from the rate at which the dye disappears from the blood, as 
established in Fig. 1. This correction is relatively small and its effect on 
the renal extraction ratio is usually inappreciable; this matter is more of 
theoretical than of real significance except in experiments conducted 
during the first minute after the injection [Sheehan, 1931]. 

In four of the experiments, C2, C4, C8 and C10, the urinary excretion 
of the dye was below the normal for the group. It therefore seems unsafe 
to accept the renal extraction ratios as genuinely representative of normal 
renal function, and they are enclosed in brackets in the table. B8 and 
C11, on the other hand, gave normal results about renal function (dye 
excretion in urine, dye in kidney, renal circulation rate, etc.), but had 
extraction ratios so low as compared with the others in the group that 
they must be considered fortuitous. A similar occasional and apparently 
accidental occurrence of low renal extraction ratios has been noted 
previously in the case of urea [Rhoads, van Slyke, Hiller and 
Alving, 1931; Dunn, Kay and Sheehan, 1931]. 


Neglecting these six cases, the renal extraction ratios may be sum- 
marized as follows: 


Renal extraction ratio, p.c. 
Group A 2-5 mg. per kg. 30-50 38 
Group B 10 mg. per kg. 29-49 37 
Group C 50 mg. per kg. 23-46 30 
Group D 100 mg. per kg. 18-28 23 


A study of the relationship of the ratios to the other variable factors 
shows, as is clear from the above table, that the ratios are lower with 
large dosage than.with small. It is, however, rather surprising to find no 
evidence that the ratios become higher as the dye content of the blood 
falls, nor of any temporary reduction of the ratios a few minutes after the 
injection, in view of the finding in earlier work of such occurrences in the 
case of urea and creatinine. The ratios of C13 and C14 at about 1} hours 
after the injection are much higher than the earlier ones in that series; 
this may possibly indicate that the ratios rise at a long interval after the 
injection of the dye, but the evidence is insufficient to form any con- 
clusions on the matter. In the subsequent discussion therefore only the 
relationship of the ratios to-dosage will be taken into consideration. _ 

It is of interest to compare the figures of Groups A and B with those 
obtained with a similar dosage (5 mg. per kg.) in a previous study on the 
elimination of phenol red during the first minute after injection[Sheehan, 
1931]. The renal extraction ratios were measured by two methods: 

(1) Over the whole period from the start of the injection to half a 
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minute or a minute later. This method (the long sample experiment) gives — 
the mean ratio for the whole of this initial period; it probably approxi- 
mates in this case to the ratio at about 10-20 sec. after the injection. 
(2) By a similar method to the present one, but at only 33-52 sec. 
after the injection of the dye. 
The results obtained were as shown below; it will be seen that the 
ratios are higher in the early part of the first minute, but sink after about 
a minute to a level which remains fairly constant for the next half hour. 


Renal extraction ratio, p.c. 
0 mle. 36-75 50 
(2) At 33-52 sec, after injection 33-54 45 
Dye content of heart blood. 


The rate of disappearance of phenol red from the heart blood is shown 
in Fig. 1 for Groups A and B combined and for Group C. It will be seen 
that the dye disappears from the blood relatively more quickly after 
small than after large dosage. This holds good for further increase of 


3 


Percentage of injected phenol red in 100¢.c. heart blood 


10 20 40 60 80 
Fig. 1. Rate of disappearance of dye from heart blood. 
e—e 2-5 and 10mg. perkg. 0---o 50mg. per kg. 
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dosage, as is illustrated in the table below from the dye contents of the 

blood at 30 and 60 min. after injection. The figures for doses of 200 and 
300 mg. per kg. are taken from the data given by MacKay and Oliver 
[1980], calculating the plasma volume as 63 p.c. of the blood volume 
[Kay and Sheehan, 1933]. As the rabbits in these two experiments 
were rather heavier than those used in the present work, all the per- 
centages are calculated as those in the whole blood volume, taking this as 
one-fifteenth of the animal’s body weight. 


Percen of injected phenol red 
bein in whole blood volume 
mg. per kg. 30 min 60 min. 
2-5-10 2-9 ? slight trace 
50 2-3 
100 10-1 ? about 6 or 7 
200 7 15-4 
300 21-1 19-3 


(The figures for 200 mg. per kg. are actually at 25 and 55 min. after the injection.) 
The disappearance of the dye from the blood is due to temporary 


- absorption by many tissues of the body [Olivet and Prufer, 1928], and 


it is not to be taken as indicating removal by the kidneys only. 


ADDITIONAL EXPERIMENTAL RESULTS. 
The other important figures from the experiments are given in Table II. 


The initial point of interest in this connection is the high general level 
of the renal circulation rates. This is evident from a comparison of their 
frequency distribution with that from two previous series [Sheehan, 


.1932a; Kay and Sheehan, 1933]. Two renal circulation rates are also 


included in the present series from experiments in which the other 
estimations were unsatisfactory. 
Renal Percentage of measurements in 
each 1 o.c. range 


C.C, per g. Present series Previous series 
per min. 35 rabbits 233 rabbits 


0-1 0 17 
1-2 8 38 
2-3 3 29 26 
34 26 15 
4-5 20 3 
5-6 17 1 


Analysis of all the known variable factors in relation to the renal 
circulation rates shows only two of importance, the dosage and the time 
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II. 
Time __ circulation of 
after rate amount 
C.c. per g 
Rabbit min. permin. Kidneys Urine 

2-5 mg. per kg. 
Al 2 3-7 22-2 0-0 
A2 4 —_— 15-8 0-0 
A3 6 2-8 21-0 3-0 
A4 x 3-4 25-2 9-2 
A5 12 1-6 11-4 41-4 
A6 18 3-7 4-2 62-6 
AT 21 5-0 4-2 66-4 

10 mg. per kg. 
Bl 1} 20-0 
B2 4-0 13-5 7-5 
B3 5 2-5 170 8-0 
B4 8 4-0 27-5 
B5 10 10 14-0 37-0 
B6 il 2-7 13-2 42-3 
B7 15 20 10-8 49-1 
B8 17 3-6 4-0 58-5 
B9 18 40 5-0 62:5 
B10 22 55 6-0 67°5 
Bll 27 40 4:5 87-0 
Bl2 37 4:5 10 80-0 

50 mg. per kg 
Cl 5 2-2 119 
C2 8 2-1 9-1 (4-9) 
C3 ll 20 23-3 4-7 
C4 13 2-0 4-4 (13-2) 
C5 20 2-4 4-4 35-3 
C6 30 41 3-0 43-9 
C7 38 146 56-0 
C8 49 3-4 16 (48-1) 
C9 50 3-3 1-5 60-8 
C10 54 2-3 (5-0) (52-8) 
Cll 61 56 0-8 61:3 
C12 61 3-2 1-1 62-5 
C13 80 5-4 0-8 — 
C14 87 3-2 0-5 85-0 

100 mg. per kg. 
Di 30 1-4 27-4 
D2 39 3-4 4-0 41-8 


after injection. These relationships are illustrated in Fig. 2. Apart from 
the low figures of A5, B5, B7 and C10, the general tendencies are clear 
and are indicated by rough graphs. After the small dosage the renal 
circulation rate lies between 2-5 and 4 .c. per g. per min. for about 10 
min., and then rises to between 3-5 and 5-5 c.c. per g. per min. After the 
larger dosage of 50 mg. per kg. the rate remains at 2-2-5 c.c. per g. per 
min. for about 20 min., and then rises to about the same high levels as 
after the small dose. via 
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Fig. 2. Renal circulation rates. 
o—e 2:5 and 10mg. perkg. 0---o 50mg. per kg. 
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Minutes after injection 
Fig. 3. Dye contents of kidneys. 

e—e 2-5 and 10 mg. per kg. o---o 50 mg. per kg. 
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Amounts of phenol red'in the kidneys. 


The percentage of the amount injected which can be recovered from 
the kidneys is shown in Fig. 3. One control experiment with 5 mg. per 
kg. which showed 25 p.c. in the kidneys at 2 min. after injection is in- 
_ cluded in the graph. C3 is unusual in having at 11 min. after injection a 
very high kidney content of dye, but this is balanced by a low urine 
content, the total amount in kidneys and urine being normal. It appears 
that this animal had not passed much urine from its kidney tubules to the 
bladder after the injection, but renal function in all other ways was 
normal and the experiment may therefore be passed as satisfactory. 
C10, however, has a definitely abnormal kidney content at 54 min. 
after injection, and a quantity of urine has certainly passed to the 
bladder in this time as is shown by the presence of over 50 p.c. of 
the dye there. The experiment is therefore under some suspicion on this 
account. 

The relative amounts of phenol red which collect in the kidneys in the 
early stages are greater after small than after large dosage, and are in 
both cases very much higher than is seen after the injection of large 
doses of creatinine [Kay and Sheehan, 1933]. The approximate 
figures are as follows, those for phenol red at 1 min. being from an 
earlier paper (Sheehan, 1931]. 


Percentage of injected amount in kidneys together 


c 


1 red Phenol red Creatinine 
injection 25-10 mg. perkg. 50mg. perkg. 200-500 mg. per kg. 
1 6-15 
5 13-25 9-12 3-5 
20. 5 5 2-5 
40 1 2 2-0 
60 —_ 1 1-7 


The dyein the kidney may theoretically be present in the tubular urine, 
in the tubular epithelium, or in the blood in the capillaries. Certainly 
during excretion there must be dye in the urine in tubules. In addition, 
however, there is strong evidence that much of the dye in the cortex is in 
the epithelium itself. Phenol red stains the kidney a bright yellowish 
colour, the cortex much more strongly than the medulla. Marshall and 
Crane [1924] found in the rabbit under diuresis that the concentration - 
of phenol red in the cortex was four times that in the medulla; the corre- 
sponding figure for urea of 0-4 disproves the view that the cortex contained 
much concentrated urine in their experiment. Further, if a slice of kidney 
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taken a minute after the injection of phenol red is immersed in an alkali 
to “develop” the colour, the dye in the cortex takes some seconds to 
become crimson whereas that in the medulla changes colour at once; this 
suggests that the dye in the cortex may be intracellular. It is impossible 
to decide how much of the kidney dye is present in urine and how much in 
epithelium. But the blood in the kidney, as examined after removal from 
the body, can only contain about 1 p.c. of the kidney dye; previous 
hsemoglobin estimations on watery extracts have shown that the two 
kidneys together in the conditions of examination have rarely as much as 
0-4 c.c. of blood in them. ye 
_- The fate of the dye taken up by the kidneys requires a short consider- 
ation. Phenol red is excreted completely and unchanged, and the 
question of its destruction in the body can therefore be neglected. The 
dye taken up by the kidney may in theory pass on to the bladder urine or 
be returned secondarily to the blood. If any secondary return did occur, 
this would reduce the renal extraction ratio as measured, and the 
original extraction ratio would be correspondingly higher. There is, how- 
ever, no clear evidence of secondary return (in contrast to what occurs 
after the injection of urea and probably of creatinine). The renal ex- 
traction ratios do not fall suddenly at any time, and the initial accumula- 
tion of dye in the kidney is followed by a rapid diminution of the amount 
in the kidney and the excretion of large amounts in the urine. It appears 
a reasonable supposition that all the dye which goes from the blood into 
the kidney then passes directly from the kidney into the bladder urine. 


Amounts of phenol.red excreted in the urine. 


It is impossible to say what proportion of the kidney dye is present in 
tubular urine, but, on the view that all the dye in the kidney is probably 
destined to be excreted, it is proper to consider the dye in the bladder 
urine and the dye in the kidneys together. They are plotted in Fig. 4 
against the time after the injection. The graphs for the two series of 
experiments are drawn without relation to the few points obtained from 
animals which were obviously not excreting the dye at the usual rate, in 
particular C2, C4, C8 and C10. (In the case of C10 the abnormally large 
amount of dye in the kidneys tends to mask the fact that the urinary 
excretion was below the normal level.) | 

It will be seen that the dye is excreted relatively more quickly after 
small dosage than after large. This appears to be a constant occurrence; 
MacKay and Oliver [1930] found that a rabbit excreted in its urine 
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only 21 p.c. of the dose between 10 and 40 min. after the injection of 
200 mg. per kg., and only 20.p.c. of the dose between 15 and 45 min. 
after injection of 300 mg. per kg. This finding that high dosage is not 
conducive to renal efficiency probably accounts for the occasional 
ocourrence of unusually poor renal function after relatively big dosage; 
e.g. the four unsatisfactory experiments of Group C. 


e 
| 
8 
| 
9 
i 
0 10 20 40 60 80 
Minutes after injection 


Fig. 4. Dye in kidneys and urine. 
e—e 2-5and 10mg. perkg. 0---o 50mg. per kg. 


THE CORRELATION OF ELIMINATION AND EXCRETION. 


As a rough test of the various figures found in the experiments it 
is useful to compare them by the calculation of “minute clearances.” 
The minute clearance is considered here as the volume of blood which 
contains the amount of dye taken up by the kidneys from the blood in 
1 min. : 

In the ordinary determination of clearances, measurements are made 
of the amount of a substance excreted in the urine in a given time, and of 
the mean amount of the substance in 100 c.c. blood (or plasma) during 
that time. Division of the first figure by the second gives the volume of 
blood which contained the amount of the substance excreted in the urine 
during the time. This may be considered to be the same as the amount of 
the substance taken up from the blood by the kidneys during the time, if _ 
it is known that the kidney content of the substance is the same at the 
beginning and end of the experiment. This condition is not, however, 
satisfied in investigations conducted very soon after the intravenous 
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administration of the substance, particularly with a substance like pheno} 
red which accumulates in quantity in the kidney.” 

In experiments on animals the minute clearagee can be arrived at in 
two ways, which should in theory give‘, and which may 
therefore be used as a test of the figures obsiiook mi the present experi- 
ments. 

(a) From the point of view of the elimination of dye from the blood. This 
clearance is obtained by multiplying 

(1) the volume of blood flowing through the kidneys during the 
minute, by 

(2) the percentage of the dye content of this blood which goes ~om 
the blood into the kidneys. 

The first figure is the product of the weight of the kidneys and the one 
circulation rate; the second figure is the renal extraction ratio. Both 
figures can be obtained directly from the experiments. 


kidneys. This clearance is obtained by dividing 

(1) the increase per minute in the amount of dye in the kidneys and 
urine together, by 

(2) the amount of dye in 1 c.c. of arterial blood at the particular time. 
The first figure can only be ascertained as a mean from the results of a 
series of experiments; the second figure can be obtained directly. 


as mean figures it is preferable to compare mean figures in both methods. 


previously given for the renal extraction ratios. These graphs and 
averages do not include the few figures which are clearly subnormal, and 
the minute clearances may therefore be considered as indicating the cen- 
dition in satisfactory renal function. 

The tables below give a representative series of clearances calculated 
according to the two methods. 


Method I. 


It will be observed that the mean renal extraction ratio for each group 
is taken as stationary during the period under consideration; no notice is 
taken of the possibility that the ratio for the 50 mg. per kg. group may 
rise in the later stages. The increase in the renal circulation rate is left as 
the factor that causes the increase in the clearances; the renal circulation 
tates given below are obtained from the mid-points between the limits 
shown by the graph lines in Fig. 2. 


(b) From the point of view of accumulation and excretion of dye by the 


Since it is not possible to get all the data for the second method except 


These are taken from the graphs in Figs. 1, 2 and 4 and from the averages 
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ir “ ” 
Min rate SRenal extraction blood 
after C.c, per g blood flow ratio 
injection Co. per min. p.c. per min. 
+33 60 19 
Me. 3-5 53 37 20 
20 46 69 ee 26 
50 mg. per kg. (mean weight of kidneys 13 g.) 
5 2-0 26 30 8 
10 20 26 30 8 
20 33 30 10 
40 4-2 55 30 17 


Method II. 


From the graphs in Fig. 4 the increase in the mean dye content of the 
kidneys and urine per min. can be calculated with sufficieht accuracy 
for the present purpose, but in the later stages of the excretion the 
figures become untrustworthy, as minor variations in the slope of the 
graph have then a great effect on the calculation of clearances. No late 
figures are therefore included, The data for the group of 2:5-10 mg. per 
kg. are calculated to the level for 10 mg. 


: » per 
25-10 mg. per kg. 

5 4-4 0-90 20 
10 2-5 0-55 22 
20 1-05 0-30 29 

50 mg. per kg. 
32-0 2-40 
10 18-5. 1-75 9 
8-5 0-95 ll 
2-8 23 


Individual “elimination” blood clearances. 


The minute clearances of the individual experiments show the usual 
wide variations dependent on the variations in the renal circulation rates, 
the weights of the kidneys and the renal extraction ratios. The majority 
of the results fall, however, in the neighbourhood of the average figures 
obtained by method I, with the exception of those experiments which 
have been criticized earlier on grounds of abnormally low renal circula- 
tion rates or renal excretion of the dye. The means of the individual 
minute clearances from accepted experiments are as follows. 
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“Elimination” blood clearances; per min. 
Min, 2-5 or 10 mg. per kg. 50 mg. per kg. 
injection Mean Range Mean Range 
2-7 15 10-18 8 8 
8-15 18 16-21 5 5 
15-30 18-38 13 6-20 
30-50 18 13-21 


No individual minute clearances from the “excretion” standpoint can be 
calculated, as the rate of accumulation of the dye in the kidneys and 
urine of any particular animal is of course unknown. | 


Significance of blood clearances. 

In the comparison of the clearances as shown by the two methods of 
calculation it must be recognized that three of the primary data are only 
obtained from graphs, and that they cannot therefore be exact, particu- 
larly in the estimation of mean renal circulation rates. As to the fourth 
factor, the renal extraction ratios, these fluctuate over a fairly wide range 
about the mean. The calculated clearances are thus only to be taken as 
approximate, Nevertheless, there is a reasonably good measure of agree- 
ment between those obtained by the “elimination” method, with its 
theoretical possibility of distortion of the figures as a result of the opera- 
tion, and those by the “excretion” method, where only the previous 
undisturbed excretion of the dye is concerned. It may therefore be con- 
cluded that the renal function, and in particular the general level of the 
renal extraction ratios, was the same during the operation as before it. 

The three tables all show that the blood clearance is low after large 
doses and that it increases after an interval which is longer the larger the 
dose, This appears to hold good for larger doses. In the two experiments 
with 100 mg. per kg. the individual clearances at 30 and 39 min. were 
4 and 11 c.c. per min. Marshall [1931] found in dogs that the plasma 
clearance for phenol red is much lower after big than after small dosage. 
The figures given by MacKay and Oliver [1930] can be calculated in 
terms of blood clearance, taking the plasma volume as 63 p.c. of that of 
the blood, and neglecting the question of kidney dye variations which 
cannot have been of great significance in such prolonged experiments. 

They found after 200 mg. per kg. a blood clearance which remained at 
6-7 c.c. per min. for about 3 hours and then rose to a little over 10 c.c. 
per min. After 300 mg. per kg. the blood clearance was 5 c.c. per min. for 


about 3 hours and then rose only to 6¢.c. per min. The conclusion of — 


MacKay and Oliver that in the case of phenol red “the rate of excre- 


tion in the urine is directly proportional to the plasma concentration” 
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can only be accepted as applying to a particular condition; it would 


appear to depend merely on the fact that they gave such very large 


dosage that the plasma clearance was kept at a low and fairly constant 
level for most of the period of their experiments. Marshall ee has 
offered a similar interpretation of their results. 


EXCRETION OF PHENOL RED BY DOGS. 


A comparison may be made between the findings of other observers 
on dogs and the present ones on rabbits. Bernheim [1926] and Olivet 
and Prufer [1928] gave phenol red intravenously to twelve dogs in doses 
of 3-3-5 mg. per kg. and studied the distribution of the dye at various 
times later. The dogs were under light urethane anesthesia or unanss- 
thetized and weighed usually 15-16 kg. The data in the first three sections 
below are abstracted from their results. 

(1) After intravenous injection the dye disappears from the blood at a 
much greater rate in dogs than in rabbits. 


Percen of inj nol red in 


after 3-3-5 mg. 2-56-10 mg 50 mg 
injection per kg. per kg per kg 
5 9-13 29 
15 7-8 10 16 
30 1-3 3 6 


The percentages of dye in the blood of the dog under ether anwsthesia 
approach to those given above for rabbits, but the urinary excretion of the 
dye is grossly impaired. (Marshall and Crane [1924] also give data 
about a dog which had about 16 p.c. of the dye in its blood about 15 min. 
after the injection, but the experimental conditions were very different, 


¢.g. large saline injections, etc.) 


(2) The urinary excretion in the dog is low as compared with that in 
the rabbit. Given the same actual amount of the dye, a 2 kg. rabbit can 
excrete in half an hour a greater absolute amount than a 16 kg. dog. 


_. Given the same dose per kg. it can excrete twice as high a percentage of 
the injected amount as the dog in half an hour. 


ot in urine phenol red 
after 3-3-5 mg. per kg. ° mg. mg. per kg. 
injection (60 mg. actual) per kg. (100 mg. actual) 
5 6-7 9 6 
15 17-20 53 28 
30 41-46 80 46 
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(3) In the early stages after the injection the dog’s kidney contains 
much less dye proportionately than the rabbit’s but more in the later 
stages, probably owing to the more prolonged excretion. 

(4) The percentage of phenol red in the plasma at normal pH, which is 
bound to colloids so as not to be dialysable through a collodion membrane, 
is much higher in the rabbit than the dog. Only 1-4-5 p.c. of the dye in 
rabbit plasma can be dialysed [de Haan, 1922; Marshall and Vickers, 
1923; Grollman, 1925], whereas 20-25 p.c. of the dye in dog plasma can 
be dialysed [Grollman, 1925; Marshall, 1931]. This may account for 
the more rapid disappearance of the dye from the blood and the higher 
renal extraction ratios in dogs than in rabbits, but this explanation can 
only be considered as speculative. 

(5) The most interesting point in the present connection is the com- 
parative level of the renal extraction ratios in dog and rabbit. 

Starling and Verney [1925] perfused a dog’s kidney with phenol 
red. After 7 min. the extraction ratio was 49 p.c., but it fell to 21 p.c. at 
17 min., and to 20 p.c. at 27 min. after commencing the dye perfusion. 
These results must not however be considered as necessarily indicative of 
what occurs in the normal kidney. 

Marshall [1931] obtained eight measurements of renal extraction 
ratios for phenol red in dogs. In the four most technically perfect ex- 
periments, the renal vein blood being taken via the spermatic or ovarian 
vein, the extraction ratios were 63-69 p.c. In three experiments where 
the renal vein was exposed for direct collection of blood the extraction 
ratios were 34, 50 and 55 p.c. One experiment where considerable diffi- 
culty was experienced in drawing blood via the ovarian vein gave an 
extraction ratio of 46 p.c. Two factors which may have contributed to the 
lower ratios when the blood was drawn directly from the renal vein are 
that the renal vein was “exposed” for this collection, and that there may 
possibly have been some mixing of blood from the renal vein with blood 
flowing back from the inferior vena cava. As Marshall himself con- 
siders, the extraction ratios of 63-69 p.c. are probably the true values. 

These figures are higher than those which have been obtained in the 
present work, but it must be pointed out that the experimental conditions 

were different. Marshall worked with dogs which have a higher per- 
centage of free phenol red in the plasma than rabbits. He collected his 
blood samples at 4-1} hours after the subcutaneous administration of the 
dye, and the arterial blood had only 0-37-0-50 mg. phenol red per 100 c.c. 
The kidneys in his animals were thus never subjected to the sudden — 
receipt of blood containing large amounts of dye, and had only the task of _ 


. 
Ri af 
~¥ 
a 
K 
4 
> 
a 
: 
ay 
a 
* 
a 
Ad 
> 


.. ELIMINATION OF PHENOL RED. 455 


excreting the small quantities of dye which were being gradually brought 
to them in the blood. Under similar experimental conditions the rabbit 
kidney might possibly give higher renal extraction ratios than those 
obtained in the present work with intravenous injection. No significance 
is however to be attached to the difference between the methods of 
estimating the ratios; in Marshall’s work, on plasma; and in the present 
work, on whole blood. Estimations on plasma with substances which can 
diffuse into or out of the red cells, such as urea or creatinine, would of 
course give fallacious ratios; but, as phenol red is carried only in the plasma, 
estimations on plasma should give the same results as on whole blood. 


INTERPRETATION OF THE RENAL EXTRACTION RATIOS. 


For the purpose of the initial discussion it will be considered that no 
limits are set by the physical condition of the phenol red in the blood to 
its filtration through the glomeruli. An explanation to account for renal 
extraction ratios averaging nearly 40 p.c. and sometimes reaching 50 p.c. 
can then be given in terms of either of the standard theories of renal 
function. Phenol red is carried only in the plasma; the renal extraction 


ratios for whole blood are therefore the same as the percentage of phenol 


red removed from the plasma. 

_ According to a “filtration” theory, therefore, about four- to five- 
tenths of the plasma reaching the glomeruli must be filtered. The low 
renal extraction ratios for phenol red after large dosage require either 
that reabsorption and secondary return of the dye to the blood occurs 
(owing to the high concentration of the dye in the tubular urine), or that 
the proportion of plasma filtered is reduced (possibly by a mechanism 
related to that which controls the renal blood flow). In earlier work the 
highest renal extraction ratio in whole blood found for creatinine was 
23 p.c., indicating a removal of 38 p.c. of the creatinine from the plasma. 
The corresponding figure for phenol red in Groups A and B is 50 p.c., and 
the mean figure is as high as 38 p.c. If it be held that phenol red and 
creatinine are eliminated only by glomerular filtration, it would follow, 
contrary to the usual assumption, that reabsorption and secondary 
return of creatinine to the blood must occur. 

_ According to a “secretion” theory the phenol red is absorbed from 
the blood directly into the tubular epithelium, and secreted from there 
into the urine. The reason why not more than half of the dye can be 
absorbed is uncertain; the controlling factors are presumably the relative 
concentrations of dye in the epithelium and in the blood, and possibly the 
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physical condition of the dye in the plasma. The great increase in renal 
blood flow, especially marked after small dosage, would lead to maximal 
elimination of the dye. After large dosage, however, a great amount of 
secretion would be required to unload the kidney of the large quantities of 
dye it had taken up; until this overload was dealt with, the absorption of 
further dye would be partly restricted by the maintaining of the renal 
blood flow at lower levels, as well as by the reduction of the renal ex- 
traction ratios. 

The higher figures which were obtained in previous work during the 
first minute after the injection require, on a “filtration” theory, the 
filtration of up to 75 p.c. of the plasma; on a “secretion” theory they are 
due to the tubular epithelium having no dye at a time when the blood 
contains very large amounts, and being therefore more active in direct 
absorption. This latter view is in agreement with the previous finding that — 
the renal extraction ratio for phenol red during the first minute after 
injection is much-lower when the tubular epithelium has been damaged — 
by uranium [Sheehan, 19326], though an explanation of this can also be 
offered on a “‘filtration” theory. 

A very serious objection which has been raised to the filtration of 
phenol red is its physical condition in the plasma. Much of it is adsorbed 
by plasma colloids, probably albumen, so that only a small fraction can 
pass through a collodion membrane. Marshall [1931] found that in 
dogs, though only 25 p.c. of the dye could be dialysed, the renal extraction 
ratio was sometimes about 63-69 p.c. In the rabbit less than 5 p.c. of 
the phenol red in the plasma can be dialysed, but the kidney takes up 
40+ 10 p.c. of the dye in the plasma passing through it. 

The problem of the elimination of the “combined” dye has been fully 
discussed by Marshall [1931] in relation to dogs, and it is not necessary 
to repeat his arguments here. The elimination can be satisfactorily 
accounted for by direct absorption of free dye by the tubular epithelium 
from the plasma, the equilibrium between free and combined dye in the 
plasma being constantly maintained by ordinary physical forces. It is 
also not impossible that the combined dye could be «absorbed by the 
tubular epithelium directly from the plasma. The objections to this view 
are based on unproved assumptions as to the permeability of the inter- 
tubular capillary walls. 

The elimination of the combined dye by the glomerulusis also possible. 
This requires of course that the glomerulus does not act as a filter in the 
manner of a collodion membrane whose pore size is such that plasma 
proteins are retained. One explanation is that the glomerulus may be 
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able, like a collodion membrane of large pore size, to filter larger molecules 
than crystalloids. De Haan [1922], Khanolkar [1922] and Ekehorn 
[1931] among others accept’ the filtration of various colloids by the 
glomeruli, though Cushny [1926] interprets this filtration as probably 
due to toxic effects. It would certainly seem that if the glomerular 
capillaries were impermeable to combined phenol red the occurrence of 
secretion in the kidneys would be proved, but as this involves assumptions _ 
as to the nature of the glomerular membrane it is not possible to come to 

any conclusion on the matter. 


SuMMARY. 


Phenol red was administered intravenously to rabbits and compari- 
sons were made of the dye contents of the heart blood and the renal vein 
blood at various intervals afterwards. The urinary excretion of the dye 
was also studied. : 

After doses of 2-5-10 mg. per kg. the kidney removes from the blood 
an average of 37 p.c. of the dye coming to it, with a maximum of 50 p.c. 
The renal blood flow approaches to maximal and the elimination from the 
blood is therefore very high. About 80-90 p.c. of the injected dye is 
excreted in the urine within half an hour. 

After doses of 50 mg. per kg. the kidney removes from the blood an 
average of only 30 p.c. of the dye coming to it, the maximum being 46 
p.c. In the early stages after the injection the renal blood flow is not 
raised but later it is increased. The relative elimination from the blood is 
thus low at first and high afterwards. About 50 p.c. of the injected dye is 
excreted in the urine within half an hour. 

In view of the fact that nearly all the phenol red in the plasma is 
“bound” to colloids, these results cannot be interpreted on the theory 
that the glomerulus filters like a dialysing membrane. But if the filtering 
capabilities of the glomerulus are not so restricted the results can be 

explained on either of the two current theories of renal function. 
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TEMPERATURE CHANGES AND WINTER SLEEP 
OF BATS. 


By R. C. BURBANK anp J. Z. YOUNG. 
(Department of Zoology and Comparative Anatomy, Ozford.) 
| (Received July 18, 1934.) 


THERE are numerous references in the literature to the remarkable 
changes of temperature shown by bats when they awake from hiberna- 


_ tion, but very little attention has been given to the equally striking daily 
‘changes of temperature which are seen in these animals. We have in- 


vestigated the matter on horseshoe, noctule and fruit bats. 


EXPERIMENTS ON HORSESHOE BATS. 


Greater and lesser horseshoe bats (Rhinolophus ferrum equinum 
Schreber and R. hipposideros Bechstein) were obtained from the Cheddar 
Caves, and were kept hanging from the wire lids of large boxes in a dark 
cellar, whose temperature (10-13° C.) was about that of the caves in 
which they live. In this way the bats could be kept in the laboratory for 
several weeks, remaining motionless during the day, but usually waking 
during the evening. They could also be wakened at any time by means of 
such stimuli as shaking, bright illumination, or high-pitched sounds, to 
which latter they are peculiarly sensitive. 

The temperatures of the bats were taken by means of thermocouples, 
used either in the form of converted syringe needles, with which rectal 
or under-wing temperatures could be read, or as small copper-constantan 
junctions attached,’ by means of sticking plaster, to the shaved skin of 
the back. This latter method enabled continuous readings to be taken, its — 
only disadvantage being that, on account of the shaving, the temperature 
was probably somewhat lower under the junction than elsewhere on the 
skin 


When the bats were asleep their rectal and skin temperatures were 
found to be very close to that of the surrounding air, and warming or 
| 30—2 
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cooling of the room was accompanied by corresponding changes in the 
temperature of the animals (Table I). Pembrey [1895] also gives 
figures showing that the temperature of sleeping bats is close to that of 
their surroundings. 


Taste I, Temperatures of sleeping bats. 


Animal Date Method of recording Air°C. Bat °C. 
R. ferrum equinum, E 29, i. 33 _ Needle cou 10°5 11-0 
under a 11-0 11-6 
10-8 11:3 
31. i. 33 me “< 16-7 16-2 
162 - 
R. hipposideros, H 12. iv. 33 Needle couple 127 13-5 
under 16-1 
(room 16-8 17-4 
warmed) 186 18-3 
19-5 19-4 
R. hipposideros, I 6. xi. 33 Wire couple on 15-5 178 
skin of 


The first response to any stimulus was a rapid flexion of the legs of the 
hanging bat, the legs remaining bent for some time before gradually 
relaxing. At the same time the breathing movements, which are usually 
imperceptible in the sleeping bat, became apparent. Prodding of a bat in 
this state was followed by turning of the head, bending of the body, 
chirping and biting, all of which movements can be performed while the 
temperature is hardly above that of the surroundings. The bat in this 
state may be said to be awake, although it is not warm. | 

Even very slight movements, however, were soon followed by a rise of 
temperature. When the stimulus given was slight the rise might be only 
temporary, the temperature returning gradually to that of the surround- 
ings, but if the stimulation was prolonged, so that the bat continued to 
move, then a very rapid and continuous rise of temperature began. The 
strength of the stimulus necessary to produce this full warming varied 
very much with the external temperature, and with the health of the bat, 
it being sometimes impossible to arouse the animal in this way when the 
temperature was below 15° C. It was also found to be easier to wake bats 
in the evening than at any other time of day. 

The course of the rise of temperature varied somewhat in the different 
experiments, but usually, as in the case known in Fig. 1, the warming was 
slow at first and then later became much more rapid. This steeper rise was 
usually accompanied by obvious shivering, and often also by a curious 
rhythmical flexing of the legs. It is therefore clear that much of the heat 


Temperature ° C. 
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is produced as a result of muscular contraction, but we have not been able 
to obtain evidence by which it could be decided whether special mechan- 
isms, such as the release of hormones, are brought into play to sustain or 
augment the muscular contractions, or to supplement them by the initia- 
tion of combustion in other parts of the body. 


15 ‘ 


Time, 10 minute intervals 


Fig. 1. Temperature chart of greater horseshoe bat. Manipulation during attachment of 
thermocouple to back has caused warming at beginning of experiment. Bat stimu- 
lated at points marked s. The black rectangles mark periods during which the animal | 
was shivering or moving. Room temperature 15-5°C. 


The rate of warming of bats during their waking has already been 
studied by Pembrey [1895], who found rises of more than 1°C. per 
minute, In our experiments the rate of warming was often equally re- 
markable; in one case a greater horseshoe (15 g.) warmed itself from 20 to 
39° ©, in 30 min., that is to say at the rate of 0-63° C. per minute over this 
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Taste III. Temperatures of fruit bats. 
Species - Date Time Air°C. 


Pteropus geddet, A v. 34 11-15 17-5 
| 26. vi. 34 11-00 19-5 


Bat °C. 

33-0 

34-0 

Pteropus geddei 1-20 175 37-5 

vi 3 10.90 190 36-0 
36-0 
36-0 
35-0 
36-0 


Pteropus geddei, C 13. vi. 34 11-30 18-5 
Pteropus geddei, D 13. vi. 34 11-30 18-5 
Pteropus giganteus 13. vi. 34 11-45 18:5 


Pteropus cotinus 13. vi. 34 12-00 18-5 
male, hung rather quietly in its cage, and was found to have a distinctly 
lower temperature than B, which, though smaller, was moving about 
very actively at the time. 
It is evident that these fruit bats in captivity maintain a moderately 
high but not very constant temperature, and that they succeed in doing 
this only by continuous muscular movement and shivering. 


CONCLUSIONS AS TO TEMPERATURE REGULATION OF BATS. 


We thus reach the surprising conclusion that the Microchiroptera | 


have no special mechanism for the regulation of heat production, but that 
their temperature varies with their activity, so that they become cold 
whenever they go to sleep. On waking one of these bats is able immedi- 
ately to move its head and legs, and to bite and chirp, but at first it is in 


a cold-blooded condition, and cannot fly until it has gone through a 


process of warming by means of rapid breathing, shivering, jerking of the 
legs and other muscular activity, perhaps assisted by the discharge of 
appropriate hormones. Such shivering and hormonic discharge would 


then represent an elementary upward temperature regulating mechanism, 
temporarily brought into play by the stimuli which are waking the 


The larger Megachiroptera, living in tropical climates, are able by 
means of shivering and continuous movements to maintain a fairly high 


temperature, and they seem to have the rudiments of a true upward 


regulating mechanism, in that shivering is brought into play as the 
animal cools, whereas in the Microchiroptera it is used only to assist in 
raising the temperature when the animal awakes. 

Presumably the first step towards a warm-blooded condition was the 
development of fur to allow of the conservation of the heat produced 
during muscular contraction. Then nervous and endocrine mechanisms 
were added by which extra heat was produced by shivering or chemical 
means. At first this extra heat may have been produced in response to 
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exteroceptive stimuli, as it is in the horseshoe bat, and only later as a 


reflex response to cooling of the blood and skin, as in mammals with a 
temperature regulating mechanism. = 


The bats, in order to fly, have mostly remained rather small animals, 


in which, on account of the high surface-volume ratio, the maintenance of 


a high temperature would in any case require a relatively large food con- 
sumption, the difficulty being still further increased by the presence of 
extensive wing surfaces. Since also the Chiroptera were a very early off- 
shoot from that central insectivoran stock from which all other placental 
mammals have sprung, it seems possible that their mechanism for tem- 
perature regulation has remained at the simple stage which it had 
reached when they diverged from the main stem. 


GASEOUS EXCHANGES DURING WINTER SLEEP OF BATS. 


These facts have an interesting bearing on the question of the hiber- 
nation of bats. It is well known that they may emerge from their retreat 
on @ warm day at any time during the winter, and there are a number of 
scattered observations which agree with our own in showing that the bats 
become cold not only during their so-called hibernation but also in their 
diurnal summer.sleep. Thus Coward [1907] records that “...a sleeping 
bat in summer is almost as cold and lifeless as a bat which ie hiberanting 
and is frequently as difficult to rouse.” Putting all these facts together it 
seems that we cannot speak of a special state of hibernation in bats, but 
that when they become inactive their temperature always falls to that of 
the surroundings, and if the latter is low then they may remain inactive 
for considerable periods. 

We have studied, therefore, the gaseous exchanges of “ bieihating” 
bats, with the object of comparing them with those of other mammals. It 
was not found possible to transfer horseshoe bats from the caves to the 
laboratory without waking them, but they were moved with as little 
disturbance as possible, and then allowed to go to sleep again without 
being fed. The respiratory exchanges were measured by means of the 
Haldane-Pembrey method, the sleeping bat being hung carefully 
from the stopper of a large beaker, through which dry CO,-free air was 
then passed. The carbon dioxide and water given off were collected and 
weighed, and the oxygen intake estimated by difference. The method is 
liable to several errors, particularly as the amounts of CO, and water 
given off were very small when the bats were asleep. However, the 
results, given in Table IV, were reasonably consistent. 
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Wt. 
Food, etc. g. 
28.i1.34 3 mealworms 4 


Condi- 
tion 
Asleep 
Asleep 
Awake 
Awake 
Awake 
Asleep 
Asleep 


Asleep 


27 
28 


19 


13 
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Taste IV. Gaseous exchanges of horseshoe bats. All weights in grams. 


bat CO, 0, 


of 
exp. 
19} 


94 
a 


154 
4 


0°2640 


0-1980 
0-2425 


0-4280 
0-1445 


0-1870 
0-1930 


0-2200 


0-1670 


0-1340 
0-2195 


0-3835 
0-1530 


0-0225 
0-0720 


0-0350 


0-1600 


0-1215 
02125 


0-3860 
0-1515 


0-0200 
0-0685 


0-0430 


R.Q. 
0-77 


0-80 
0-75 


0-72 
0-74 
0-82 
0-77 


” 10. ii. 33 as 


The interpretation of the results given for waking bats is complicated 
by the fact that it is not possible to say how much of the explosive dis- 
charge of CO, recorded by Pembrey [1895] during waking actually falls 
during the period of the experiment. Though the respiratory quotients 
observed are low, yet they are not so low as some of those observed in the 
case of hibernating marmots and hedgehogs. Pembrey, who first ob- 
served these low values, interpreted them as indicating that stored fat 


was being converted into carbohydrate, but it has also been held that they 


are due to the retention of CO,, consequent on the low temperature. The 
whole question has been discussed by Gorer [1930]. The present results 
show that a very low quotient does not necessarily accompany a low 
temperature, and may thus be held to confirm Pembrey’s interpreta- 
tion, and at the same time to show that, as we had expected on other 
grounds, these bats do not show any special hibernating metabolism. 

It follows that the bats must take food at intervals throughout the 
winter, and Mr Painter, who has been a guide at Gough’s Cavern for 
many years, states that some are to be seen on the wing inside the caves 
almost every evening of the year, though they only fly outside during 
mild weather. On the other hand, bats are sometimes seen hanging in the 
same place for several weeks, so that, unless they return every day to the 


same spot, it is evident that they may remain inactive for considerable — 


periods. There is plenty of potential food inside the caves, principally in 
the form of moths and spiders. Further, the bats which were kept in 
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Oxford, though living at a temperature similar to that of the caves, 
rapidly became weak if not fed, but could be kept alive for weeks on a diet 
of meal worms. 

This all agrees with the conclusions arrived at from our study of the 
temperature, namely that horseshoe bats become cold whenever they 
cease to be active, and that their so-called hibernation does not differ 
from their — 


Summary. 


1, Horseshoe and noctule bats have no mechanism for the main- 
tenance of a constant temperature. Whenever they go to sleep they 
assume the temperature of their surroundings, and when first waked they 


show a slow, reptilian type of behaviour and cannot fly. However, they 


rapidly warm up to a temperature of 30-40° C., the maximum varying 
with the activity of the animal and with the air temperature. Every 
variation in activity is accompanied by a change of temperature, and 


_ when movement stops they cool off to air temperature. 


2. The larger fruit bats maintain a fairly high but variable tempera- 
ture (33-37-5° C.). They do this, however, only by continual activity and 
shivering, never becoming fully asleep in captivity. 

3. The respiratory quotient of horseshoe bats taken during the 
winter was found to be usually between 0-7 and 0-8, the lowest quotient 
observed being 0:59. 3 

4. Itis concluded that the so-called hibernation of these animals does 
not differ essentially from their daily summer sleep, and this is confirmed 
by the fact that they may wake and take food at any time during the 
winter. 

We wish to thank the authorities at Gough’s Cavern, Cheddar, Dr J. R. Baker 


and Messrs C. Richardson and B. T. Parsons for assistance in obtaining bats, and — 
Prof. E. 8. Goodrich and Dr C. G. Douglas for reading the manuscript of this paper. 
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THE GLYCOGEN CONTENT OF THE RAT HEART. 


By GERALD EVANS? 


(From the University Olinic, Royal Victoria Hospital and 
McGill University, Montreal.) 


(Received July 20, 1934.) 


Tue function of glycogen in the heart muscle is at present unknown. 
It is true that under appropriate conditions, glycogen disappears and 
lactic acid appears in heart muscle (Schenk, 1924; Katz and Long, 
1925; Redfield and Medearis, 1926] and that its disappearance during 
the activity of isolated or heart-lung preparations has been observed 
(Cruickshank, 1913; Witting, Markowitz and Mann, 1930; 

McPherson, Essex and Mann, 1931-2; Cruickshank and Shri- 
vastava, 1930]. These observations, superficially at least, would point 
to its réle being similar in heart and in skeletal muscle. Other observa- 

tions give a different indication. Wertheimer [1930], for instance, found 
for aerobically contracting frog hearts and for ventricular strips that 
activity did not decrease glycogen nor increase lactic acid. Martini 
[1931], Wertheimer [1931], Goldenberg and Rothberger [1931] and 
Clark, Eggleton and Eggleton [1932], in observing hearts poisoned 
with iodoacetic acid in which no lactic acid is formed, remark that the 
hearts function well for long periods if oxygen is not excluded. Visscher 
[1928] and Visscher and Mulder [1930] using heart-lung preparations 
found that unworked hearts contained 560 mg./100 g. of glycogen, and 
that hearts after as much as 6 hours’ work contained 516 mg./100 g., 
although in some instances the sugar content of the heart muscle had 
fallen to zero. They with others [Clark, Gaddie and Stewart, 1929-30, 
1931, 1932; Witting, Markowitz and Mann, 1930] havé been im- 
pressed that when glycogen breakdown did occur it was small when 
referred to the total energy requirements of the activity, That the 
aerobically contracting heart takes up lactic acid has been attested by 
Himwich, Koskoff and Nahum [1928], McGinty and Miller [1932, 
1933] and Lovatt Evans et al. [1933]. 


1 Canadian Medical Association Osler Scholar. 
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CARDIAC GLYCOGEN. 


There is in the literature, however, general agreement that glycogen 
breaks down and lactic acid appears when oxygen supply to the heart is 
deficient. Indeed, the newer knowledge of the chemistry of muscular 
contraction which places carbohydrate breakdown in a place of secon- 
dary importance as regards the immediate supply of energy for a single 
contraction has pointed out the importance of carbohydrate breakdown 
for continued activity of muscle particularly when oxygen is lacking. 

These and other observations have indicated that a study of cardiac 
glycogen is not without interest, and apart from its relation to cardiac 
activity might throw some light on the réle of this substance in skeletal 
muscle and on carbohydrate in the body generally. 

As an approach to the study of cardiac glycogen, and as a foundation 
for other work now in hand it was decided to determine the level of cardiac 
glycogen of intact animals (1) under standardized normal conditions, and 
(2) after subjecting the animals to procedures likely to alter glycogen 
levels. 

This study, the heart being an unpaired organ, must be done by 
- comparison from animal to animal. Wertheimer [1930], and Clark, 
Gaddie and Stewart [1931] have found large variation in the glycogen 
content of frogs’ hearts without obvious cause. In this laboratory eleven 
rabbit hearts analysed for glycogen averaged 421+ 41 mg./100g., the 
range being from 267 to 757 mg./100 g.; fifteen cat hearts showed similar 
irregularity. A perusal of most figures in the literature reveals a like 
variation. 

Obviously, if no better control values than these could be obtained, 
the search for the factors governing cardiac glycogen would be a difficult 
if not a hopeless task. 

In the hope that this initial difficulty might be obviated the albino 
rat was chosen as the most convenient standardized animal. In these 
animals Cori and Cori [1927] have found the glycogen content of 
gastrocnemii to be quite constant, and they with others have furnished 
many data on the carbohydrate metabolism of these animals in reference 
to which the determination of carbohydrate in the heart becomes the 
more significant. 

METHOD. 


Animals were albino rats of well inbred stock of from 120 to 200 g. 
both sexes being used indiscriminately. They were maintained in good 
health on a well-standardized diet. Unless otherwise mentioned all ani- 
mals had fasted 24 hours before being used. 
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Anesthesia by sodium amytal (10 mg./100 g.) was used when obtain- 
ing samples. The hearts and muscles were removed at a depth of anzthesia 
uniform from animal to animal. 

Removal of gastrocnemius. The essential point in the technique is that 
the blood supply to the muscle is not interfered with before the muscle is 
actually removed. 

Removal of heart. The rat having been tied with its back to the board 
a “buttonhole” cut was made through the skin and abdominal muscles 
in the mid-line immediately below the xiphisternum. The xiphisternum 
being held by forceps two diverging longitudinal cuts were made through 
the thoracic wall and skin, the diaphragm consequently being cut in two 
places. On lifting this chest flap a piece of diaphragm remains attached, 
and the heart is drawn forward slightly by its attachments to the anterior 
mediastinum. One cut suffices to sever the strip of diaphragm and these 
attachments, and the disposition of the parietal pericardium is such that 
with the same cut the sac is opened and the heart being held lightly with 
a pair of toothed dissecting forceps was removed at its base with one 


snip. The auricles were not cut through but remained intact with the — 


ventricles. The whole operation takes from 3 to 5 sec. The essential of the 
method, as will be shown, is speed. 

Glycogen determination. The method used is a modification of the cold 
KOH method of Cori [1932]. The heart or gastrocnemius immediately on 
removal was dropped into a tared 50 c.c. graduated pyrex centrifuge tube 
containing 2 c.c. of cold 30 p.c. KOH, which was then reweighed. The 
tube was heated with shaking over a small flame until the tissue was 
digested. Water was then added to bring the volume of fluid to 6 c.c. The 
tube was then reheated to boiling so that the sides of the tube were 
washed down. It was then placed on a steam bath for half an hour. 
On removal, water was added to bring the volume to 10c.c.; 20c.c. of 
absolute alcohol were then added and the whole stirred by aeration. The 
tube was covered and let stand overnight. In the morning it was centri- 
fuged and the liquid decanted and discarded. A drop of phenol red was 
added and then 11 c.c. of 2-5 p.c. HCl blown in from a pipette so as to 
break up the button of glycogen in the bottom of the tube. Hydrolysis 
was carried on for 4 hours on the steam bath, the tubes being covered to 
prevent evaporation. At the end of this time the hydrolysate was 
neutralized to the phenol red already in the tube and diluted with water 
to suitable volume. A 5 c.c. aliquot was taken and analysed for glucose 
by Somogyi’s modification [1926] of the Shaffer-Hartman method. 
Glycogen is expressed as glucose in mg./100 g. of tissue. The deviation 
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expressed is the standard error of the mean. As the amount of non- 


fermentable reducing substance in the final hydrolysate was found to be 
small and relatively constant, no correction was made for it. 


ANIMALS FASTED 24 HOURS (conTRoLs). 


determinations leading to the establishment of 
control values were as follows: (a) animals were decapitated at one stroke, 
and with as little delay as possible tied down, and the hearts removed 
according to the technique described. The hearts of twenty-two animals 
so treated were found to average 342+ 19 mg./100 g. of glycogen. The 
extreme values were 184 and 477; the standard deviation of the series 
was 85. Age, weight, sex and amount of struggling seemed to bear no 
relation to high or low glycogen values. It was thought, however, when 
the greatest delay occurred between decapitation and the securing of the 
heart, that the values were low. Consequently (5) animals were first tied 
down, then decapitated and the heart straightway removed. Three such 
animals gave values of 474, 520 and 541 mg./100 g. It was supposed then 


that anoxemia may have been the cause of the previous low values. To | 


test this (c) seven animals were asphyxiated with coal gas and the hearts 


promptly removed; the average content of glycogen was found to be - 


25 mg./100 g., the highest value being 61 mg./100 g. (d) With the idea 
of avoiding terminal anoxemia, and so that gastrocnemii might be re- 
moved before securing the hearts amytal anesthesia was next tried. 
Fourteen hearts thus secured averaged 488 + 15 mg./100 g.; the gastroc- 
nemii from the same animals contained 424 + 11 mg./100 g. of glycogen. 
The extreme values for hearts were 407 and 630; the standard deviation 
of the series was 54 and therefore showed an increased regularity as com- 
pared to the first series of twenty animals. (e) Six hearts were removed 
by the usual technique except that 30 sec. was allowed to elapse between 
the opening of the chest and the removal of the heart. The mean value 
for these hearts was 287 mg./100 g. The low values obtained in these 
animals emphasized the necessity of speed in the removal of the heart. 
Method adopted. Using the method of (d) above and with particular 
care to avoid delay in removing the hearts, twenty hearts were found to 
contain 508 +12 mg./100 g.; the glycogen content of the gastrocnemii 
from these animals was 479+8 mg./100 g. The extreme values for the 
hearts were 444 and 675, and the standard deviation of the series was 
+54 mg. These were the most satisfactory values yet obtained and this 
‘was the method adopted. An additional thirty-two animals were done 
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from time to time; grouped with the above twenty they averaged for — 


hearts 497 +8 and for gastrocnemii 525+7 mg./100 g. These last given 
values have been used as controls on the work which follows. _ 
Fasting and feeding. Determinations were made of the glycogen in 
heart and gastrocnemius of ten rats that had not fasted and of ten that 
had fasted 48 hours. Table I shows the results. The increase of cardiac 


Taste I. Effect of fasting and feeding. 


Glycogen mg./100 g. 
No. of r A ‘ 
animals Heart Gastrocn. 


48-hour fasted 10 578 +14 455 +9 
- 24-hour fasted (controls) 52 497 +8 525 +7 
24-hour en glucose 17 449+11 690+11 


absorption 
Fed animals 10 341 +15 574 +20 


glycogen with fasting contrasts with the decrease of this substance in 


gastrocnemius. The glycogen of hearts of animals that had not fasted is — 


69 p.c. of the control value; similar determinations in two other colonies 
of rats have given values of 75 and 61 p.c. for this ratio. 

Glucose in 50 p.c. solution was given by stomach tube to seventeen 
rats, each animal receiving 1 g. of glucose for each 100 g. of body weight; 


according to Cori [1925] this is in excess of the amount necessary to 
provide for maximum absorption for 4 hours. At the end of 4 hours the 


animals were anesthetized and the hearts and gastrocnemii taken. The 
results of the analyses are shown in Table I. The increase in glycogen in 
the gastrocnemii was marked, but the value for hearts is below the control 
level. 

In addition, two fed animals were given like amounts of glucose every 
4 hours and taken at the end of 11 hours. The glycogen values in these 


animals were for hearts 384 mg./100 g. and for gastrocnemii 892 mg./ 


100 g., showing again that the glucose although increasing glycogen in 
skeletal muscle does not alter cardiac glycogen significantly. 

Insulin. Animals were given insulin subcutaneously in amounts 
varying between 8 and 15 units per 100 g. of body weight and the hearts, 
gastrocnemii and blood obtained at the end of from 3 to 11 hours; for the 


longer periods the dose of insulin was repeated. At the same time as the 


insulin was given glucose in 50 p.c. solution was given by stomach tube in 
excess of the total quantity capable of being absorbed during the period 
of observation as calculated from the absorption values of Cori [1925]. 
Of the twenty-nine animals receiving insulin thirteen showed the hypo- 
glycsemic signs of weakness and prostration and were taken for determina- 
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tion of glycogen and blood sugar at the end of the hourly period in which 
they showed such signs. The blood sugar in none of these was found to be 
over 50 mg./100c.c. The other sixteen showed no hypoglycemic signs 
and the lowest terminal blood sugar was 62 mg./100 c.c. 

‘The results shown in Table II indicate that insulin favoured the de- 
position of cardiac glycogen in the sixteen animals showing no hypo- 
glycemic signs, but that the hypoglycemic animals had low _— 


II. Effect of glucose and insulin. 
Glucose by mouth in excess. 
Glycogen mg./100 g. Blood sugar mg./1000.c. 
Animals icine hypo- 13 319 793 45 40-48 
No hypoglycemic signs 16. 611 790 112 62-167 


glycogen. In both groups of animals the glycogen of gastrocnemii is 
much increased over the control value showing that relative to the heart 
the gastrocnemius glycogen was but little affected by hypoglycemia, and 
this in spite of the fact that six of the thirteen hypoglycemic animals 
exhibited slight tremors. 

The values for cardiac glycogen were quite irregular; of animals re- 
ceiving a uniform dose of insulin, some developed hypoglycemia and 
others showed no signs of it. It was felt that the irregularities in absorp- 
tion of both insulin and glucose were probably the cause of the irregular 
results, and further investigation of the effect of insulin is therefore being 
done by means of intravenous perfusion. | 

_ Adrenaline. Rats were injected subcutaneously with 0-02 mg. of 
adrenaline per 100 g. body weight; this was given in 1/40,000 solution. 
The hearts and gastrocnemii were taken 4, 3 and 7 hours later. A sub- 
cutaneous dose of 0:25 mg. and a slowly injected intravenous dose of 
0-001 mg./100 g. body weight were also tried. The results as given in 
Table III indicate that cardiac glycogen unlike glycogen of skeletal 
muscles is not lowered by adrenaline. 


a 
, 
a 
q 
III. Effect of adrenaline. 
> 
Time after Glycogen mg./100 g. 4 
Adrenaline mg./100 g. No. of injection —_—_—_"— q 
body animals hours Heart Gastrocn. 4 
0-02 subcut. 4 ; 475 332 
002, 16 3 509 +12 239 +9 
002 ,, 7 7 549 +13 299 +24 i 
0-25 ,, 2 2 593 152 : q 
0-001 intrav. 3 475 
PH. LXXXII. 31 q 


Exercise. (a) Three rate were allowed to swim in a tank of water until 
at the end of about half an hour they became exhausted. The hearts and 
gastrocnemii were then removed. 

(b) Under anmsthesia one electrode was placed under the skin of the 
back over the lumbar vertebra and the other applied to the tail. Elec- 
trical stimuli from the secondary of an induction coil at the rate of 60 per 


minute were applied for 10 min., at the end of which time the hearts and 


gastrocnemii were removed. The whole body could not be exercised in 
this way because it interfered with efficient breathing by the animal and 
produced cyanosis, and, as will be recorded later, anoxsmia rapidly 
lowers cardiac glycogen. 

Table IV records the glycogen values found in these three naturally 


Taste IV. Effect of exercise. 


Glycogen mg./100 g. 

Swimming 537 393 
511 329 

590 357 

Electrical stimulation 531 379 
513 413 

= 

Average 529 371 


and three artificially exercised animals. These experiments, like those 
with adrenaline, were done as a means of determining in the intact 
animal the effect of increased work or increased contraction rate on the 
glycogen content of the heart. Here, with exercise, as previously with 
adrenaline, no decrease in cardiac glycogen was found despite the marked 
lowering of the glycogen in gastrocnemii. : 

_ Aeid-base change of the blood. In some of the experiments here pre- 
sented and in others contemplated the H,CO,/NaHCO, and other buffer 
ratios in the blood are altered. To discover whether such changes might 
have a marked effect upon cardiac glycogen, two groups of experiments 
were done. In one, animals were placed for 3 hours in a glass chamber 
through which streamed a gas mixture containing 92 p.c. 0, and 8 p.c. 
CO,. To each of another group 5¢.c. of a 4 p.c. solution of NaHCO, were 
given by stomach tube, and the hearts and gastrocnemii removed 4 hours 
later. The change in pH of the blood as a result of these procedures, cal- 
culated from solubility values for CO, and from the: Henderson- 
Hasselbalch equation is in excess of 0-1 of a pH unit on either side 
of normal. The results as given in Table V show that the glycogen in 
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TABLE v. Effect of acid-base change. 


Glycogen mg./100 g. Plasma CO, 
Heart Gastrocn. p.c. 
Breathing 8 p.c. CO 8 458 +8 532 +9 ee 
NaHico b th 6 466 +10 
mou 517414 83 +42 
Controls 6 = 


58+1 


gastrocnemii remained unaltered and that the cardiac glycogen was only 
slightly reduced by each of the procedures. 

Anozemia. (a) Four rats were anesthetized with amytal and one 
gastrocnemius removed from each; the trachea was then clamped and 
2 min. later the other gastrocnemius and the heart removed. The average 
reduction in the glycogen of gastrocnemii was only 50 mg./100 g., whereas 
the cardiac glycogen was lowered to 83 mg./100 g. 7 

As already mentioned, seven animals asphyxiated in coal gas were 
found to have but 25 mg./100 g. of glycogen in the heart. 

These results furnish adequate proof of the extreme and rapid lowering 
of cardiac glycogen during anoxsemia. 

(0) Lesser degrees of oxygen want were tried. Animals were placed in 
a glass chamber through which was passed a mixture of nitrogen and 
oxygen; the oxygen varied in different groups of experiments from 12-1 
to 5-3 p.c. Care was taken that the temperature and humidity of the air 
in the chamber were approximately that of the room air. The current of 
gas was such that the CO, content of the outflowing gas did not exceed 
0-1 p.c., nor the oxygen content fall by more than that amount. All the 
gas mixtures caused the animals to be hyperneic; cyanosis was obvious 
in the lowest oxygen tensions. At the end of 3 hours the animals were 
removed from the chamber, promptly anesthetized and the hearts and 
gastrocnemii taken. The animals were moderately prostrated in the 


Taste VI. Effect of low oxygen tension in inspired air. 


Inspired air for Glycogen mg./100 g. 
oxygen p.c. animals Heart Gastrocn. 
12-1-9-2 ll 507 +23 §41418 
7-4 4 440 508 
6-2 7 339 +30 520 +33 
58 8 221 +15 497 +18 
5-3 a 218 532 


lowest oxygen tensions but recovered promptly on removal, and were 
active. Table VI shows the glycogen values for these animals. The un- 
changed level of glycogen in gastrocnemii contrasts with the marked fall 
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in cardiac glycogen, which begins to be evident at 7-4 p.c. oxygen and is 
well marked at 6-2 and 5-8 p.c. 

(c) To determine approximately how low cardiac glycogen can fall 
before heart failure occurs, animals were placed in the chamber in groups 
of four and subjected to atmospheres containing 4-5 p.c. of oxygen. 
When two of the four had died, the other two were taken. Eleven hearts 
of animals surviving in this manner for an average of 2} hours contained 
192 + 17 mg./100 g. of glycogen. It is to be noted that this value is not 


much lower than that for animals placed in 5-8 p.c. O, for 3 hours. The 


hearts of the animals which did not survive were also taken, but taken 
while respirations still persisted. This was possible because of the pre- 
monitory signs of cardiac failure, viz. (1) unconsciousness, (2) suddenly 
deepening cyanosis, and (3) gasping respiratory movements. If this suc- 
cession of events was watched it was possible to remove the animals from 
the chamber at the onset of the gasping, and to have secured the heart 
before respiration ceased. On opening the chests of these animals the 
hearts were found to be dilated widely, the ventricles not contracting and 


the lungs pale. The hearts of ten such animals contained 8544 mg./ — 


100 g. of glycogen. It will be recalled that this is approximately the same 
value as was obtained 2 min. after clamping the trachea. This value for 
non-survivors is approximately 100 mg./100 g. lower than that for sur- 
vivors. However, three of the values obtained for survivors, that is to 
say for hearts which were still contracting forcibly, were quite low, viz. 
100, 102 and 128 mg./100 g. It is not méant to imply a causal relation 
between low glycogen and cardiac failure, but if a certain level of glycogen 


is necessary for efficient contraction of the anoxeemic rat heart it does not 


lie much above 100 mg./100 g. Experiments now in hand indicate, that 


if the blood is kept on the alkaline side of normal the glycogen of an- 


oxsemic hearts may fall much lower before arrest occurs. 

(d) The average cardiac glycogen of four animals after 1 hour in 
4 p.c. oxygen was 312 mg./100 g.; this, compared to the values for 3 hours 
in 5-8 p.c. oxygen, and for 2} hours in 4-5 p.c. oxygen, suggests that 
the reduction of cardiac glycogen during exposure to low oxygen tension 
does not occur suddenly but is progressive with time. 
Recovery of cardiac glycogen. A series of animals were placed in 5:8 p.c. 
oxygen for 3 hours, then removed to room air for varying intervals at the 
end of which the hearts and gastrocnemii were taken; Table VII gives 
the results and shows that within 1 hour the recovery of cardiac glycogen 
is practically complete, the greater part of it occurring within three- 
quarters of an hour and slowly thereafter. 
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VIL. Recovery af cardiac glycogen afer 3 hours in 5-8 
Recovery Glycogen mg./100 g. 
>» 
Discussion, 


It is considered important that satisfactorily constant values have 
been found for cardiac glycogen in animals used as controls, the variation 
being of the same order as that found for glycogen in gastrocnemii. The 
absence of such regularity in controls has lessened the significance of many 
values recorded in the literature. Rapid removal of the heart, and the 
avoidance of anoxemia before removal are thought to be necessary points 
in the technique. Lawrence and McCance [1931], however, have re- 
corded a mean glycogen value of 570 mg./100 g. for rat hearts removed 
after stunning. In this connection it should be stated that subsequent 
work in other laboratories with other colonies of rats has yielded both 
higher and lower values for cardiac glycogen, but each series had no 
higher standard deviation than the present one. 

The low cardiac glycogen of fed animals as compared to 24-hour fasted 
animals has been a repeated finding. No explanation is offered. That it 
may be due to the specific dynamic action of the protein in the diet was 
not borne out by experiments in which raw meat was fed to 24-hour fasted 


animals, Lawrence and McCance did not find such a difference be- 


tween fed and fasted animals. They did, however, find in agreement with 
the present results that after 48 hours’ fasting cardiac glycogen was well 
maintained. 

The findings in the intact animal (1) that glucose feeding to pre- 
viously fasted animals does not increase cardiac glycogen, but (2) that 
when insulin is also given the cardiac glycogen is increased unless (3) 
hypoglycsmia occurs in which case cardiac glycogen is lowered, are in 
agreement with those of Cruickshank and Startup [1933] who show in 
the heart-lung preparation that hyperglycemia increases cardiac glycogen 
but little unless insulin is also given, and that in hypoglycemia (below 
50 mg./100 g.) cardiac glycogen is drawn upon. Fisher and Lackey 


[1925] also have recorded lowering of cardiac glycogen in insulin hypo- 


glycemia. On the contrary, Dudley and Marrian [1923] found that 
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insulin hypoglycemia, although producing definite glycogenolysis in liver 
or skeletal muscle, increased the glycogen of the heart. — 

The experimental results with adrenaline fit in well with observations 
recorded in the literature. Junkersdorf and Hanisch [1927] find 
cardiac glycogen increased after adrenaline. Lawrence and McCance 
[1931] find it unaltered. Geiger and Schmidt [1928] found that 
adrenaline, although decreasing the already low skeletal muscle glycogen, 
raised the already high cardiac glycogen of phlorrhizinized dogs. It is not 
surprising then to find that exercise does not lower cardiac glycogen. 

There is general agreement in the literature that oxygen lack causes 
a marked breakdown of carbohydrate in the heart. This finding has been 
made by Clark, Gaddie and Stewart [1932], Visscher and Mulder 
[1930], McGinty [1931], McGinty and Miller [1932], Schenk [1924], 
and Wertheimer [1930, 1932]. 

_ The currently accepted theory of the chemistry of muscular contrac- 
tion indicates that carbohydrate breakdown is of importance to con- 
tinued anaerobic activity [Hill, 1932]. Recent investigations have borne 
this out for cold-blooded hearts [Clark, Eggleton and Eggleton, 
1932; Clark, Gaddie and Stewart, 1932]. 

The present experiments on cardiac glycogen in anoxemia merely 
establish the fall that occurs under standardized conditions and serve as 


a basis for further work aiming to discover if increased stores of glycogen, — 


by providing for greater breakdown, are capable of prolonging the 
activity of anoxemic mammalian hearts. 

If glycogen does not disappear from aerobically acting hearts, as in- 
dicated by work already referred to in the introduction, as well as by a 
number of experiments here recorded, three possibilities are open. (1) It 
may not be broken down during ordinary activity but be reserved for 
anoxemic emergencies. Favouring this view is the finding that hearts 
poisoned with iodoacetic acid continue to function well so long as oxygen 
is not excluded. (2) Glycogen may be broken down with each systole, but 
during diastole (an imposed periodic “‘recovery period”) be quickly re- 
synthesized. (3) The heart may be provided from without by carbo- 
hydrate to form glycogen as rapidly as it is used. Against this explanation 
is the fact that glycogen has been found relatively undiminished during 
activity of isolated preparations. 

That the heart can replace rapidly glycogen lost during anoxemia has 
been shown in the present experiments. It is interesting to note that not 
only in these experiments on recovery from anoxwmia but also in the 
experiments with adrenaline and exercise, that there was a tendency to 
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slightly higher than normal glycogen values. In all three of these con- 
ditions blood lactic acid is raised and the possibility presents itself that 
this lactic acid contributes to the recovery of cardiac glycogen, it having 
already been shown that the heart is capable of taking up considerable 
quantities of lactic acid [McGinty and Miller, 1932, 1938; Lovatt 
Evans et al., 1933]. 


Summary. 


A is outlined for obtaining satisfactorily uniform for 
cardiac glycogen in the albino rat fasting for 24 hours. 

Fed rats have less cardiac glycogen than fasting rats. There is no de- 
crease in cardiac glycogen between the 24th and 48th hour of fasting. 

Feeding glucose does not increase cardiac glycogen. If insulin is in- 
jected at the same time as glucose’is fed, cardiac glycogen is increased 
unless marked hypoglycemia occurs, in which case cardiac glycogen is 
lowered. 

Cardiac glycogen in the intact fasting rat has been found essentially 
unchanged by exercise, the injection of adrenaline, and by —— in 
the acid-base reaction of the blood. 

Cardiac glycogen is rapidly lowered by anoxemia but is quickly re- 
stored to its qriginal level when anoxsemia is relieved. 

The suggestion is offered that cardiac glycogen is not decreased in 
ordinary aerobic activity but is reserved for anoxsemic emergencies. 


The author wishes to express his appreciation of the advice and criticism of Dr J. C. 
| Meakins and DrC. N. H. Long, and to thank Prof. J. B. Collip for donating the animals. 
The work was done during the tenure of grants from the Banting Research Foundation. 
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OBSERVATIONS ON THE COMPOSITION OF 
ALVEOLAR AIR ON EVEREST, 1933. 


By RAYMOND GREENE. 
(Received July 21, 1934.) 


Donine the Everest expedition of 1924 Somervell [1925] attempted to 
obtain samples of alveolar air from members of the climbing party at 
elevations as high as 23,000 ft. Unfortunately he collected his samples in 
rubber bags and there was a long delay before the analyses could be done. 
That a great deal of CO, had diffused out through the rubber in the in- 
terval is evident not only from the extremely small concentration of CO, 
found in the samples but also from the abnormally low respiratory 
quotients which he records. It was consequently impossible to place 
reliance on his results. I therefore determined to try to obtain more 
satisfactory alveolar air samples during the Everest expedition of 1933. 
In the end I was only able to obtain a few samples of alveolar air, all from 
myself whilst at rest, but I believe that these afford a reasonably satis- 
factory index of the composition of the alveolar air in an acclimatized 
person at the altitude of approximately 23,000 ft. 

For obvious reasons the analysis of air samples at these extreme alti- 
tudes is almost impracticable. The better plan seemed to be to collect the 
samples in evacuated glass tubes which could be sealed in a flame on the 
spot and brought back to this country for analysis. The difficulties of 
transport on Everest had been exaggerated. It would have been easy to 
take an adequate supply of tubes of the type to be described to a height of 
23,000 ft. A limited number could have been carried still higher. But 
fear of hampering the party caused me to take only a dozen tubes and so 
carefully to conserve them that in the end some remained unfilled. These 
were the tubes left behind at Camp IV when the party was chased from 
the upper slopes of the mountain by the coming of the monsoon. I hoped 
to return and fill them at greater heights, but we did not succeed in 
reaching Camp IV again. It was owing to this spirit of economy that the 
alveolar air samples, obtained in the ordinary Haldane-Priestley 
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manner, were taken by a deep expiration at the end of a normal expira- 
tion only and not at the end of a normal inspiration as well. 
A brass tube 7 in. long (A) was substituted for the usual 4 ft. length of 


rubber tubing. It was fitted with a rubber mouthpiece (B) at one end and 


with a rubber non-return expiration valve (C) of the type used on respira- 
tion valves at the other. A short brass tube (D) 0-25 in. in diameter was 


soldered into the main brass tube 2-5 in. from the mouthpiece to receive 
the end of the evacuated sampling bulb (#). The sampling bulb is not 


shown to scale in the diagram. 


Fig. 1. Bulb not to scale. 


The sampling bulb is shown in the diagram attached by a short piece 
of rubber tubing to the side limb of the brass expiration tube. The sealed 
extremity of the sampling bulb projects into the side tube and can be 
broken off by side pressure at the required moment. On breaking the 
sealed extremity, the evacuated bulb is instantly filled with air from the 
expiration tube and mouth, #.e. with the last air breathed out in an ex- 
piration. The rubber connection is then slipped off the brass side tube and 
closed by @ spring clip. The narrow constricted glass tube above the bulb 
is then drawn off and sealed in the flame of a Primus stove. The bulbs, 
which had a capacity of 45-50 c.c., were evacuated with an oil pump to a 
ane na me of a mm. of.mercury at Oxford just before I left 

join the expedition, and each bulb was wra in co ted’ 
and pushed so as to make a fairly tight fit into ua. 
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length of bamboo. The two ends of these bamboo cases were bound with 
tape so a8 to prevent splitting and were closed by corks secured by ad- 
hesive-tape. After a sample of air had been taken on Mount Everest the 
bulb was replaced in its bamboo case and was brought back to Oxford for 
analysis. The bulbs travelled without breakage, and the method of pack- 
age proved quite successful. I have to thank Drs Lambert, MacKeith 


and Douglas for preparing and packing the apparatus. 


The analyses were made by Dougl|as in the middle of October, nearly 
five months after the samples had been taken. When the bulbs were 
opened under mercury the pressure in each was less than half an atmo- 
sphere. This showed that the sealing had been perfect. 

The results of the analysis are given in the table. 


Alveolar air | 
Height Aneroid CO, pressure pressure 

Date Camp (ft.) (mm.ofHg) pc. mm.ofHg 0O,p.c. mm.ofHg 

May 21 IV _ 22,700 340 7:35 21-5 12-3 36:1 0-82 

May 22 V _~ 25,700 305 3-58 9-2 16-65 43-0 0-79 

May 23 IV 22,700 334 5-10 14-6 15°52 44-5 0-92 

May 24 IV 22,700 337 5°89 17:1 14-31 41-5 0-86 

May 27 III 21,000 360* 6-70 21-0 12-65 39:6 0°77 
May 17, 1934 Oxford 752 5-53 39-0 14-91 105:1 0-89T 


taken from Miss Fitzgerald’s curve. 

In conjunction with this table it should be borne in mind that the 
party had spent a month on the high plateau of Tibet at altitudes between 
12,000 and 18,000 ft. I had arrived at Base Camp (15,800 ft.) on April 
17. Eighteen days later, on May 5, I ascended to Camp III (21,000 ft.) 
and to Camp IIIa (21,800 ft.) on May 8. I descended to Camp III on May 
10, returned to Camp IIIa on May 13, and stayed there until the ascent 
to Camp IV on May 20. A part of the last period was spent at altitudes of 
21,800-22,700 ft. preparing the route between camps. The first: sample 
was taken after 24 hours at Camp IV. According to plan, I should have 
spent four days at this camp; but, my presence being required above, I 
ascended to Camp V (25,700 ft.) on May 22 after only one clear day at 
Camp IV, an ascent of almost exactly 4000 ft. in 49 hours. This had a 
marked effect on my heart. During the last few hundred feet to Camp V 
hyperpneea did not subside while I was at rest. After resting for a 
quarter of an hour at Camp V my pulse was still very fast (I made no 
note and afterwards forgot the figure) and frequent extra-systoles were 
present. The apex beat was grossly displaced downwards and outwards. 
Panting while at rest is unusual at this altitude, but was quite noticeable 
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in myself. Presumably the breathing was exaggerated by the cardiac 
“strain.” This helps to explain the very low alveolar CO, pressure. The 
sample was taken after complete rest for 1 hour, There is a further un- 
certainty as to the correctness of the figures due to the fact that the tube 
was only clipped at the time and not sealed till the following morning. | 
descended to Camp IV on the same evening and to Camp ITI on May 26. 
The last sample was taken after 24 hours at Camp III. 

Assuming that the samples of alveolar air were correctly given in each 
case, the alveolar CO, pressure at Camp IV on May 21 may be too high 
and the alveolar oxygen pressure too low, There may not have been 
sufficient time for complete acclimatization to this altitude in spite of the 
long stay at Camps IIT and IIIa. The low value for the alveolar CO, 
pressure at Camp IV on May 23 is no doubt in part attributable 
to the cardiac “strain” that was evident at Camp V on the day before. 
On May 24 the alveolar CO, pressure is a good deal higher, but the 
residual imfluence of the cardiac “strain” may still be making itself 
felt. 3 

Granting then that the alveolar CO, pressure on May 21 may be 
rather too high and that the figure shown on May 24 is probably too low 
we may take as a reasonable approximation to the true value the mean 
between the two. This would give for an altitude of 22,700 ft. (average 
barometric pressure for the two dates 339 mm. Hg) an alveolar CO, con- 
centration of 6-62 p.c, and oxygen concentration of 13-3 p.c. Assuming 
that the tension of aqueous vapour in the alveolar air is 47 mm, Hg, 2.e. 
that the alveolar air is fully saturated with aqueous vapour at body 
temperature, these figures would correspond to pressures of 19-3 mm. of 
CO, and 38:8 mm, of oxygen. Christie and Loomis [1933] have re- 
cently shown that under certain circumstances the saturation of the 
alveolar air with aqueous vapour may be incomplete: forced breathing 
may, for instance, lower the vapour pressure by as much as 7 mm, Hg. 
There is nothing to show whether or not an allowance ought to be made 
for incomplete saturation of the alveolar air in the samples taken under 
resting conditions on Mount Everest, but supposing that the tension of 
aqueous vapour was actually only 37 mm. instead of 47 mm. the cal- 
culated alveolar gas pressures would have been CO,=20-0 mm. Hg and 
oxygen =40-2 mm. Hg. | 

On Miss Fitzgerald’s curve [1913, 1914-15] relating alveolar gas 
pressures to barometric pressure (assuming a tension of aqueous vapour 
in the alveolar air of 47 mm. Hg) a barometric pressure of 339 mm, Hg 
would correspond to an alveolar CO, pressure of 22 mm. and an alveolar 
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oxygen pressure of 35 mm. This figure is, however, obtained by extra- 
polation from observations made on acclimatized persons which do not 
extend below a barometric pressure of 460 mm., and there is no evidence 
as yet to show that the linear relationship which she found between the 
alveolar gas pressures and the barometric pressure continues to hold good 
at extremely low barometric pressures. 

The alveolar CO, pressure recorded at Camp III on May 27 may be 
rather too low for this altitude since neither the acclimatization to the 
higher altitude at which the previous five days had been spent nor the 
effects of the heart strain may have entirely disappeared. 


Summary. 


A method is described whereby samples for gas analysis may be 
taken simply and easily at great altitudes to which the transport is 
difficult and at which uncomfortable conditions make impossible the use 
of complicated apparatus. The evacuated bulbs can be safely handled and 
carried. Indeed, as it turned out, a large number could have been taken 
instead of the few with which I was equipped. 

The results of the analysis of alveolar air samples taken during the 
Everest expedition, 1933, are described. These show that at an altitude 
of about 23,000 ft., at a barometric pressure of 339 mm. of mercury, an 


acclimatized normal person at rest had an alveolar CO, concentration of 


about 6-62 p.c. (19°3 mm. Hg) and an alveolar oxygen concentration of 
about 13-3 p.c. (39-8 mm.); giving a respiratory quotient of 0-83. 


I wish to record my thanks to DrC. G. Douglas for his kind assistance both before and 
since the Everest expedition. 
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EXPERIMENTS ON VARIATIONS IN 
BLOOD COMPOSITION. 


By 8. J. FOLLEY ann G. L. PESKETT. 
(National Institute for Research in Dairying, University of Reading.) 
(Received July 26, 1934.) | 


Durine preliminary work on the composition of blood taken from 
different parts of the body of the cow we found that samples from the 
jugular vein were more concentrated, as shown by the protein content of 
the plasma, than those from the mammary vein or the internal iliac 
artery. In obtaining the jugular samples we had, however, used a rope 
round the neck of the animal to compress the vein and facilitate sampling. 
This is a common procedure, especially in veterinary practice, but it 
obviously might be the cause of a relative concentration of jugular blood 
on account of the stasis produced. We were thus led to the work reported 
below in which a study has been made of the extent to which various 
experimental procedures, including compression, may cause changes of 
concentration in obtaining and handling blood samples before analysis. 
The particular importance of these investigations in relation to research 
on milk secretion [see Folley and Peskett, 1934] will, it is — be 
discussed more fully in a separate communication. 


ANALYTICAL METHODS, 


In the course of these experiments we have determined specific gravity, 
total dry matter and water of both whole blood and plasma; urea in 
whole blood; and proteins, total nitrogen and non-protein nitrogen in 
plasma. Coagulation was prevented by using carefully weighed quantities 
of potassium oxalate, in most. cases 1 mg. per ml. blood. In two of the 
later experiments samples had to be discarded on account of slight co- 
agulation: thereafter 2 mg. oxalate per ml. were used. We have tried to 
prevent errors due to evaporation of the blood and plasma during 
manipulation and to avoid disturbance of the animals during sampling. 


Specific gravity was found by weighing the blood or plasma which was 
contained in an accurate 20 ml. flask at 15° C. 
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Total dry matter was determined by drying (for about 4 hours) to 
constant weight in a steam oven after preliminary removal of most of the 
water on @ water bath. About 1 g. of the material, weighed accurately on 
a sartorius air-damped balance, was spread on a small aluminium dish so 
as to give a thin film. 

_ Water content was calculated from the loss in weight observed i in the 
dry matter determination. 

Total protein was estimated in plasma by two methods: (a) the gravi- 
metric procedure of Guillaumin e al, [1929] and (6) the difference 
between the total and non-protein nitrogen (micro-Kjeldahl), using 
Folin-W u tungstic acid filtrates. 

Urea was determined by the method of Peskett [1934]. 

Since many of the differences observed. have been small, the errors of 
our analyses must be defined. We record in Table I the standard devia- 
tions of the errors of duplicate analyses for each constituent determined 


TasBiz I. Standard deviations of errors of duplicate analyses. 


ferences expressed 
of as per- 
plicate Mean duplicates centage 
determined Unite analyses (8.D.) of mean 
Whole Totaldry matter g./100g. 64 18-98 0-057 0-3 
blood Water g./100 g. 64 81-02 0-057 0-07 
Urea mg./100 ml. 32 30-2 1-02 3-4 
Plasma Total dry matter g./100 g. 20 0-037 0-4 
g-/100 g. 20 90:57 0-037 0-04 
Total ni mg./100 ml. 67 1261 82 0-7 
micro-K jeldah}) 
i | 00 ml. 26 245 1-12 4-6 
i g./100 ml. 51 797 1-8 
(gravimetric) 3 


[see “Student,” 1927]. This is the only quantitative statement that we 
can make on the subject. As regards specific gravity, we have made few 
duplicate determinations, but we have reason to expect the figures to be 
accurate within + 0-0003. 


RESULTS. 
The composition of samples of blood taken during compression of the 


_ jugular vein, with a rope round the neck of the animal, has been com- 


pared with that of control samples removed a few minutes previously from 
the same vein without compression. The actual collection of the sample 
required appreciable time, usually about 1 min. The average duration of 
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~_ compression has therefore been calculated from the interval between 
___ applying the rope and beginning collection of the sample plus half the 
time needed for collection. 

The results have been condensed into Tables II and Ila, which show 
the differences observed between control and compression samples ex- 
pressed as percentages of the control values, except in the case of sp. gr. 
In Exps. 1 and 2 momentary compression was needed for insertion of the 

needle in obtaining the control sample, but in the remaining experiments 

it was carefully avoided by using a trocar and cannula. 
me It will be seen from the last column of these tables that irregular 
variations in the composition of blood were observed when the times of 
compression varied between ? and 9} min. and the volumes of the samples 
between 50 and 200 ml. Thorough equilibration with air before analysis _ 
appeared, in the few experiments conducted, to make little difference to 
these résults. It is noteworthy that the variations in the plasma, though 
small in some experiments, have been confirmed by determination of 
several constituents. The aberrant values for total dry matter of whole 
blood encountered in Exps. 4, 5 and 9E may have been due to different 
corpuscular contents of the two blood samples. | 

Thus, in contrast to the results of various authors cited by Peters 


and van Slyke [1931] and to those of Smirk [1928], we find that blood 
concentration does not uniformly appear during stasis caused by com- 
~~ pression of the jugular vein in the cow. Our experimental subjects and 
Pi conditions (e.g. size of vein and size of samples) were, however, very 

/ different from theirs, and the problem is further complicated by the 
difficulty of obtaining control samples (see Discus- 
sion). 


The effect of equilibration with arr. 

In Exps. 4 and 5 (Table II) the blood samples were divided and a 
portion of each was thoroughly shaken with air. The differences in 
composition between these equilibrated samples and the corresponding 
original samples are shown in Table ITI, expressed as percentages of the 
non-equilibrated values. 

_A decrease in concentration of plasma constituents is to be dieied 
after equilibrating venous blood with air. While most of the differences 
recorded are within the limits of analytical error, so far as significant 
. changes were observed they were in the expected direction, excepting an 

-__ increase in dry matter content of the control sample (Exp. 5), in which 
the protein content remained unaltered. | 
PH. LXXXII. 32 
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Taste III. Percentage differences between samples equilibrated 
with air and those not so treated. 


+ indicates increase in concentration after equilibration. 
~ indicates decrease in concentration after equilibration. 


Samples Control Compression Control Compression 
Exp. No. 4and4E 4and4E 5and5E 65and5E 

0 18 
Total protein nitrogen  -0-6 0 
Non- in nitrogen 0 0 +3-6 0 
Total dry matter 3-0 -0-5 +17 +01 

ater +032 +0-06 —0-18 -0-01 
Protein (gravimetric) -16 -1-1 0. +0-4 

Plasma specific gravity : 

Equilibrated 1-0283 1-0279 1-0270 1-0272 
Not equilibrated 1-0279 1-0284 1-0274 1-0269 


Sampling after compression. 
Conditions within a large vein do not favour rapid interchange of 
fluid between the blood and surrounding tissues as they do in the 
capillaries and venules. We therefore considered that samples from the 
vein taken sufficiently soon after releasing compression should show 
more definite changes in concentration than those taken during compres- 
sion, since the blood composing the former samples should have passed 
through from the smaller vessels. This possibility has been explored in the 
following four experiments, and an increase of concentration in the blood 
constituents has been observed. 
In each of two experiments samples.were drawn from the jugular 
vein at intervals during and after the release of compression, with the 
cannula left undisturbed in the vein as far as possible. The total volume 
of blood taken was 400 ml. in each. All the samples were thoroughly 
shaken with air before analysis. After compression had been released 
there was, in both cases, a marked rise in the concentration of total dry 
matter in whole blood (confirmed by specific gravity) and of proteins 
(confirmed by two independent methods) and total dry matter in plasma, 
followed after 2-3 min. by a fall. At the peaks of the curves the plasma 
protein contents were 104 and 108 p.c. of those of the first samples, com- 
pression having been applied for 2} and 1 min. respectively. There was 
_ also indication of a rise in non-protein nitrogen, and in one experiment in 
which urea was determined its curve followed the general trend. Marked 
concentration of the blood had thus occurred as a result of the compres- 
sion, and it may be concluded that it had taken place so rapidly in these 
experiments that water was removed from the blood unaccompanied by 
appreciable quantities of other diffusible substances, such as urea. 
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In the other two experiments of this group unnecessary exposure of 
the samples to air was avoided, and no attempt was made to equilibrate 
them. Sampling commenced before compressing the vein and the cannula 
was left in position in the vein throughout. The total volume of the 
samples was 550 ml. in each experiment. Some of the results have been 
included in Table II (Exps. 6 and 7). Though a slight relative dilution 
of the samples taken during compression was observed, for which we have 
as yet no explanation, in the period after compression similar changes 
occurred to those of the two previous experiments. - 


=f 


Protein g-/100 ml. 


_Non-protein nitrogen mg. /100 ml. 


2222 


Fig. 1. Changes in the blood composition before, during and after 1 min. compression of 
the vein (50 ml. samples). Note the progressive dilution of the blood upon which the 
increase in concentration after compression was superimposed. 


Of these four experiments we have recorded here (in Fig. 1) only the 
one which includes the largest number of samples. In this experiment 
there was a progressive decrease in the whole blood specific gravity and 
dry matter, and in the plasma protein and total nitrogen concentrations, 
as indicated by the points plotted on the extreme right of the diagram. 
The increase in these values after compression was thus more significant 
than would appear at first sight. It should be noted that, owing to the 
disposition of the sampling intervals, the true peak values attained after 
compression may have been even higher than those shown in the figure. 

32—2 
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Since the immediate demand for fluid during blood concentration will 
have been made on the plasma, the relatively greater change in its com- 
position after compression and the smaller effect on that of whole blood 
to be expected. 

‘The composition of successive blood samples from the same vein, — 
In view of the changes in composition observed in the precompression 
samples in Fig. 1 it was considered of interest to investigate the com- 


any compression. Our object was to see whether fluctuations in composi- 
tion occur within a vein over a short period of time and so try to assess 
the significance that can be attached to a single sample from that vein. 


19°14 


Plasma total nitrogen mg./100 ml. 


71150 


: 


Time in minutes after beginning collection of first sample 


Fig. 2. Composition of consecutive 50 ml. blood samples. 


Fig. 2 shows the results of an experiment in which eight consecutive 
50 ml. samples (and a ninth which was lost) were taken by means of a 
cannula from one of the abdominal subcutaneous veins of a cow. In the 
intervals (about 30 sec.) between collection of the samples the cannula 
was stoppered by insertion of the trocar. The whole experiment occupied 
13} min., each sample taking about 1 min. to collect. The changes ob- 
served have been interpreted as follows. After withdrawal of the first 
three samples some unknown factor caused a sudden blood dilution, in- 
fluencing at first principally the plasma (hence the sharp fall in protein 
content, followed by the slow rise as equilibrium with corpuscles became 
re-established) and affecting only and more the 
of whole blood. 


position of a series of venous blood samples drawn consecutively without — 
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In another type of experiment a number of paired 50 ml. samples was 
collected ‘from left and right abdominal subcutaneous veins of a cow, 
each pair being taken by simultaneous puncture of the two veins. These 
paired samples were obtained at intervals of about 3 min., successive 


punctures of each vein being made pied to the preceding site. Each 
sample took about 50 sec. to collect. 


A 


81 


18-3 


| Time in minutes 
Fig. 3. Composition of successive samples taken simultaneously from left and right 
mammary veins of a lactating cow. 


The results of two such experiments were very similar, though one 
cow was lactating and the other dry. Fig. 3shows the marked fluctuations 
which were observed in two of the three blood constituents examined in 
the lactating cow. We cannot explain the discrepancy between total nitro- 
gen and protein (gravimetric) which occurred in the samples taken after 
6 min. The striking similarity between the results for right and left 
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veins seems to prove, however, that the fluctuations are of physiological 


origin. 
A summary of all our observations on the composition of successive 
blood samples is given in Table IV. The observed variations in composi- 


tion are the more striking when it is remembered that the volume of each 


sample was 50 ml. and that greater variations would probably have 
occurred had the samples been smaller. 


Tastz IV. Variations in composition of successive blood samples. 


Extreme and mean values 
Time (mean values enclosed in brackets) 
No. of intervals 
sam 

sampled samples g./100 g. /100 g. mL 
1 Jugular 3 1. (1418) (9-00) 

2 Mammary 9 1, (18-8) 41194) 
Mammary 4 s tise) (8-06) 
6 Mammary 4 3 (1882) (8-04) 


Discussion. 


In eleven cases (nine experiments) blood samples taken from a vein 
before and during compression were compared. In three experiments 
blood concentration accompanied compression, while in a like number 
blood dilution occurred. These opposite effects were observed under com- 
parable conditions as regards the volumes of the samples and, excepting 
one instance, the periods of compression. The effect of venous stasis on 
the blood composition was thus very variable. The fact that in the re- 
maining three experiments (1} min. compression in each) no appreciable 
change occurred may be attributed to the volumes of the samples being 
much larger. 

Our findings were more regular regarding the after effects of venous 
stasis. In all four experiments a marked increase in concentration of 
blood constituents occurred after release of compression. In two of these 
experiments the increased concentration was specially significant since 
it was superimposed upon curves which indicated dilution of the wlood 
over the desi as a whole (see Fig. 1). 
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We have six experiments in which variations in the composition of 


consecutive blood samples were studied; in each quite large fluctuations 


in composition were noted. We believe that these fluctuations were not 
due to any treatment accorded to the samples before analysis; nor to 
disturbance of the animal by puncture of the vein, for in two experiments 
the cannula was left in position throughout; nor to hemorrhage, since the 
total volume of blood removed has not exceeded 1 p.c. of the blood of the 
animal. We conclude that such variations commonly occur in the blood 
of the cow and that their cause is to be sought in the physiology of the 
experimental animal. 

Throughout the experiments here recorded the blood samples were 
never needlessly exposed to the air during manipulation. Our experi- 
ments indicate, however, that loss of carbon dioxide from venous blood 
caused by shaking the samples with air before separation of the plasma 
has only slight effect on the concentration of plasma proteins. 

The main implication of this work is that the removal of blood samples 
from the cow for subsequent accurate chemical analysis is a procedure 
attended by considerable difficulties. We therefore urge that when im- 
portant conclusions are to be based on relatively small differences in 
composition between blood samples from different parts of the same 
animal, the fact that fair representative samples are not easily obtained 
be kept well in view. 

SUMMARY. 

1. Blood concentration was not uniformly observed during stasis 
caused by experimental compression of the jugular vein in the cow. 

2. Marked blood concentration occurred in samples taken from the 
bovine jugular vein after release of the compression. 

3. Shaking bovine venous blood with air had no appreciable effect on 
the concentration of plasma protein. 

4. The composition of consecutive blood samples taken from the 


- same vein under identical conditions often showed marked variations well 


outside the limits of the analytical errors. 
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AN APPARENT CHANGE OF pH ON 
STRETCHING A MUSCLE. 


By R. MARGARIA. 


(From the Department of Physiology and Biochemistry, University College, 
London, and the Physiological Section of the Kaiser Wilhelm Institut 
fir medizinische Forschung, Heidelberg.) 

(Received July 28, 1934.) 


Ir was recently found [Margaria and Pulcher, 1934] that an isolated 
frog’s sartorius coloured with an indicator (bromcresol purple, or brom- 
thymol blue) previously injected into the animal, shows during contrac- 
tion a change of colour which, if it be due to an alteration of pH, corre- 
sponds to a change of about +0-5. This change occurs in twitch or tetanus, 
isometric or isotonic, and, observed by eye, sets in with contraction and 
disappears with relaxation. This apparent alkalization of muscle during 
contraction, in view of its magnitude, its speed and its reversibility, was 
not referred to any of the chemical reactions known to be associated with 
contraction. | 

The resting metabolism of a muscle under certain circumstances in- 
creases considerably in rate when a load is hung on it [Feng, 1932; 
Meyerhof, Gemmill and Benetato, 1933], a phenomenon known as 
the “Feng effect.” Feng found that CO, diminishes the effect and von 
Euler [1934] has extended this by showing that the effect is much ex- 
aggerated at an alkaline pH, and made small or negligible at an acid one. 
Moreover [von Euler, 1934], the metabolism of a muscle is increased by 
alkalinity. without stretch. | 

In view of these facts Prof. A. V. Hill suggested to me the possibility 
that the internal pH of a muscle (or the acid and alkaline dissociation 
constants of its protein buffers) might be affected by its mechanical 
condition, and that it would be interesting to see whether the stretch 
alone of a muscle causes a change of pH. This I tried and found it to be 
in fact the case: the sartorii of English temporaria frogs, stained with 
bromcresol purple and mounted in a chamber with 30 p.c. CO,, or stained 
with bromthymol blue and mounted in air, showed on stretching a 


“all 
A 
4 
ag 
ome 
4 
ae 
= 
fy. 
4 
4 
ug 
Ag 
& 
4 
hey 
a 


3 


pH CHANGE IN MUSCLE ON STRETCHING. 497 


reversible change of colour in the alkaline direction of about the same 
amount as is observed during contraction. 


It is unlikely that the change of pH, if it be such, is due to a chemical 


breakdown. The muscle being so well buffered and the change in pH so 


large, the amount of alkali required would be much greater than our 
knowledge of the chemical reactions associated with contraction allows 
us to regard as possible. Moreover, the immediate reversibility on 
release 1s against the hypothesis that a chemical breakdown is responsible 
for the change of pH. Ifthe change of colour of the indicator be really due 
to a change of pH and not to an optical effect of unknown origin, or to the 
alteration of a surface at which the indicator in adsorbed [see Deutsch, 
1928], the most likely explanation, as suggested by Hill, is that the 
physico-chemical properties of the muscle proteins are changed by the 
state of stress. In a chain of protein molecules the acid and/or the alkaline 
dissociation constants at the joints might be altered by the change of 
tension in such a way as to move the isoelectric point towards the alkaline 
side. It is not simply change of length which produces the effect, for 
stretching a muscle passively causes the same alteration of colour as 
allowing it to contract actively. 

The stretch phenomenon has been observed hitherto only in fresh 
English temporaria frogs, some taken straight from the tank, others kept 
at 5° C. for 4 days before the experiment: it was much less evident, and 
sometimes could not be detected, in German summer frogs, esculenta and 
temporaria, both in rather bad condition. Feng found that his “stretch 
response” was much more obvious in English frogs, and von Euler has 
shown that it is more evident in general the better the condition of the 
animal. 

SuMMARY. 

The sartorius muscle of an English frog dissected after previous 
injection with an indicator shows a change of colour on stretching which, 
if it be due to a change of pH, corresponds to an alteration of about +0-5. 
This is possibly due to an alteration in the acid or alkaline dissociation 
constants of protein chains. It may be related to the “stretch-response ” 
described by Feng. 
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THE OUTPUT OF THE FETAL HEART 
IN THE GOAT. 


By J. BARCROFT, L. B. FLEXNER 
T. McCLURKIN. 


(From the Physiological Laboratory, Cambridge.) 
(Received August 4, 1934.) 


TuE object of the present research was to measure the quantity of blood 
which passed through the fostal heart at various stages of development. 


METHOD. 


After preliminary trials with other methods, a cardiographic tech- 
nique was tested and proved sufficiently accurate to determine the blood 
flow approximately. 

When goats were used they were members of a series used for other 
investigations, and the serial numbers given here apply to the whole 
series; the data in this paper can therefore be correlated with data found 
elsewhere. 

The mother in every case was in a bath of saline maintained at 
between 37 and 38° C. A Cesarian section was made and the foetus with- 
drawn. Its pulse was counted at an early stage. A ligature was passed 
round its sternum tying the main vessels which run to the chest wall. The 
chest wall was then cut across just below the ligature and laterally along 
each side from before backwards. On approaching the diaphragm another 


ligature was passed round the sternum and the flap containing it was 
turned backwards. 


The cardiometer was an ordinary glass one. It was slipped over the 
heart and the joint between the lip of the cardiometer and the roots of the 
great vessels made tight with the thickest vaseline. The foetus was held on 
its back on the palm of the operator’s left hand in such a position that the 
joint was just under the surface of the saline. The drum was placed on a 
bridge which straddled the edges of the bath so that the minimal length 
of rubber tubing was necessary for the attachment between the tambour 
and the cardiometer. This precaution was necessary in the case of the 
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smaller foetuses. The cardiometer and tambour were selected to suit the 
size of the heart. 

As the mouth of the cardiometer was iaadeis water no air could enter 
the instrument through it and none could pass out without being seen. 
The further question remained as to whether the joint was watertight. 
This was tested by raising or lowering the foetus somewhat. If on lowering 
the foetus saline had passed into the cardiometer, air would have been 
driven into the tambour, a result which the tracing would have revealed. 

The tracings were calibrated in the following way. A glass syringe of 
suitable size was operated by a wheel, to which the piston was attached by 
a crank. The stroke of the piston could be varied within limits so that 
known and graduated quantities of air could be expelled from the syringe 
at each revolution of the wheel. After an experiment the heart was cut 
out, placed inside the cardiometer and the major orifice of the cardio- 
meter closed with a rubber cork. Through the cork went a piece of glass 
tube connecting the cardiometer with the calibrating syringe. The 
recording portion remained untouched, the lever still in position on the 
drum, and therefore (subject to inequalities of the drum or paper) the 
pressure exerted by the pointer was as in the experiment. The calibration 
consisted in taking a series of tracings in which known volumes of air 
were expelled from the syringe; a curve was drawn relating the amplitude 
of the tracing to the quantity of air which passed at each stroke. The most 


- eonstant source of solicitude was error due to overthrow of the lever. 


When this occurred, it could be seen on the tracing though not determined 
on it. The syringe was operated by an apparatus designed and made by 
Mr Cox, assistant in the Department of Pharmacology. The piston was 
attached by a crank to a wheel, suitably geared to a somewhat larger one 
that was rotated by hand. The thrust of the crank was adjustable. — 
Assuming the wheel to rotate at a uniform rate, the air entered and left 
the syringe slowly at the ends of the stroke and rapidly in the middle, 
thus tending to reduce the kick of the lever. The blood of course also leaves 
the heart more slowly at the end of the systole than at the commence- 
ment. It was our practice in calibrating the tracings to make considerable 
alterations in the rate at which we ran the calibrating apparatus, to 
discover whether the inertia of the apparatus was producing an important 
effect in determining the height of the tracing. 

The most accurate results were obtained with tracings of rather low 
amplitude, about 1-2 cm., the error in measuring such tracings being on 
the whole less than that produced by the inertia of the apparatus where 
larger amplitudes were obtained. 
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Fig. 1a and b show sample tracings. The latter is from a footus of 
228 g. (the size of a large rat), the heart of which weighed 6 eo 

Having taken such precautions as we could on the mechanical side to 
secure accuracy, it seemed desirable to test the method against some 
other. This we did not do on the fostus, but we carried out a series of 
experiments on animals of different sizes. With the chest open, it was 
easy to measure the minute volume by Fick’s method; to obtain the 
arterial venous difference for oxygen, samples of blood were drawn by 
puncture from the carotid and the right side of the heart respectively. 

The measurement of the oxygen consumption requires a little more 
description. The chest: being open, artificial respiration had to be main- 
tained; for this purpose a bottle of air of about 5 litres capacity was kept 


_ Fig. 1. ‘Tracing (a) from footus 2-28 kg., (6) from foetus 0-228 kg. Down =systole. 


full at a constant pressure. The filling was accomplished from the 
_ laboratory supply of compressed air, the constancy of pressure being 
attained by allowing the excess of air which entered the bottle over and 
above that used by the animal to escape through a mercury valve. 

A three-way tap was connected with the trachea and operated by 
hand, so that in one phase the air entered the lungs from the pressure 
bottle, in the other it was withdrawn from the lungs into an aspirator. 
The aspirator was made of a graduated litre cylinder placed on its side 
and fitted with a stopper. At the commencement it was filled with water. 
The expired air entered through a tube in the stopper; through another 
the water drained out. This tube was bent at a right angle so that by 

twisting the tube the negative pressure which the aspiration involved 
could be graduated. The expired air thus was collected over water and 
therefore some of the CO, which it contained was absorbed. The quantity 
of gas, however, was read off in the cylinder at the end of the collection 
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and a portion analysed. From the data so obtained were calculated 
(a) the total quantity of oxygen in the expired air, (b) the total quantity 
of nitrogen in the same. From (5) could be calculated (c) the quantity of 
oxygen in the inspired air corresponding to the observed amount of 
nitrogen. Subtracting (a) from (c) the oxygen consumption of the animal 
was obtained. 


After some preliminary experiments the following series was obtained : 


Tass I, Minute yoleme of blood. 


Cardiometer Fick’s method 
O, used Minute 
Stroke volume 
output: Minute output* . , venous 
Animal No. c.c. Pulse 2 C.c difference  ary):c.c 
Guinea-pig 1 0-178 300 27 28 0-161 -0-076 31 
Rabbit 1 O77 240 93 93 0-164-—0-069 
0-80 240 96 = 98-4 
0-80 228 91 
Rabbit 2 102 220 112 84 0-135 -—0-052 101 
=0-083 
Rabbit 3 140 262 177 14-7 0-068 216 
Rabbit 4 100 260 130 0-148 — 0-053 
068 300 107 12-2 = 0-095 129 
0-67 119 
Kid » 27 182 145 132 110  0-128-0-056 
=0-072 153 
0-096 0-056 
= 275 
Kid 28 #4146 139 16-9 0-053 312 
Kid 31 2-80 240 336 35-9 0-090 395 


* We avoid using the term ‘minute volume” for the cardiometer measurements, since 
that term is now generally used for the pulmonary blood flow. 


Considering first the guinea-pigs and rabbits, the results seemed to be 
more consistent than might have been expected. Except in the case of 
rabbit 2 the cardiometer always gave somewhat smaller readings for one- 
half of the total cardiac output than did Fick’s method for the circulation 
through the lung. That is as it should be, because (1) the cardiometer 
takes no account of the blood passing through the coronary circulation, 
and (2) it takes no account of the blood which enters the heart during the 
moment of the ventricular contraction. On the whole the results obtained 
on the guinea-pig and rabbit would lead us to suppose that for a rough 
estimation no serious error would be made if the cardiometer value were 
taken as being 15 p.c. less than the actual value. | 
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Here the matter might have rested but for some very disquieting - 
observations which were made upon the kid (27 and 28). The kid of 


course had a special importance because we desired to compare the data 
obtained with those of the goat’s embryo. In the case of kid 28 there 
was no correspondence between the blood flow as measured by the two 
methods, 139 c.c. by the cardiometer as compared with 312 by Fick's 
method. The case of kid 27 seemed scarcely more hopeful; one sample of 
venous blood was taken and one of arterial was taken immediately before, 
and another immediately after the venous—these as may be seen from the 
table had very different oxygen contents and according to which was 
selected the minute output of blood appeared to be 153 or 275 c.c. More- 
over, as the kids were about the same size as the rabbits, around 2 kg., 
the results obtained by Fick’s method seemed excessive. In seeking for 
an explanation the idea occurred to us that, under the conditions of our 
experiment, foetal communications between the right and left sides of the 
kids’ hearts might be patent and passing variable quantities of blood. It 
must be remembered that inspiration was attained by inflation, that is to 
say, by subjection of the lung to a positive pressure. If venous blood was 
shunted to the left side of the heart the arterial venous difference would 
be lower than that found if the entire blood circulated through the 
lung, and the minute volume obtained from the data so obtained would 
be correspondingly too high. To put this matter to the test we carried out 
the following experiment: 


Tastx II, Kid 20—three days old. 


Approximate 2mm.Hg 8mm. Hg 
p.c. saturation of {Pulmonary vein 99 95 p.c. 
oxygen in blood 86 BT 


In each case the blood entering the right side of the heart from the 
lung was well aerated, while that reaching the aorta was deficient in 
oxygen. With the higher pressure in the lung the deficiency in the oxygen 
saturation of the arterial blood was much more marked. 

The short-circuiting of the pulmonary circulation is not a factor which 
vitiates any of the measurements in the foetus nor does it affect the 
eardiometer; we have therefore accepted the agreement between the 
Fick determinations in adult animals and the cardiometer determina- 
tions in the same as being sufficient guarantee of the cardiometer method. 
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RESULTS. 
Six experiments have been carried out on footuses. The cardiometer 
curves for the largest (2-28 kg.) and the smallest (0-228 kg.) are repro-_ 
duced in Fig. 1a and b. The latter presents an interesting suggestion of 


rhythm which demands further investigation: the footus was upwards of 


13 weeks from insemination. This is the youngest foetus of whose heart 
we have a tracing. The appearance has not been observed on any of the 
older foetuses. 

The results obtained are given in Table III. The two most striking 
points are: (1) the uniformity of the figures in the last column. The six 
foetuses range in age between 89 days and almost full term, and the 


Taste 
Minute 
Time Minute out 
from output (cardio- Minute 
mating Age Stroke ieee meter) output 
———, from Weight output meter) +15p.c. per g. 
No. Weeks Days birth kg. Pulse c.c. C.c. 
Fetus 18 12 6 — 0-228 0-21 120 262 25:8 0-13 
19 6 0-562 0-246 246 0-13 
1200 085 200 190 217 018 
21 3 0-833 220 134 154 0-18 
22 4 2280 143 £159 228 0-12 
1400 124 £180 224 257 0:18 
Kid 27 — — Whours 2-17 182 145 264 O14 
33 — Iday 2-93 240 216 520 596 
— — S8days 41-70 146 191 278 322 
4a. 3°75 180 276 496 570 O15 
31 — 280 240 672 773 
Goats Mean — Adults 23-4 — 027 
of 21 


weight of the heaviest is ten times that of the lightest, yet it cannot be 
said that the minute output of blood per g. of footus varies throughout 
the series in any definite direction. Indeed it varies singularly little. 
(2) Perhaps more surprising is the fact that the minute output does not 
seem to alter as between the fostus and the lightly anssthetized kid. In 
both cases the subjects retained the possibility of reflex action. The 
figures for the kid of course embrace the output of both ventricles and are 


_ hot merely those for the systemic flow. 


Moreover, the minute volumes (pulmonary) of the twenty-one goats 
tabulated by Barcroft, Boycott, Dunn and Peters [1919] showed a 
greater variation than the minute outputs given in the above table. 
The figures given by those workers work out as follows: mean 0-133 c.c. 
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per g., greatest 0-22, smallest 0-055. The last-named figure is very far 
from the other twenty; apart from it, the smallest minute volume is 
0-092 c.c. Thus the variation over the last half of foetal life is not greater 
_than is observed from goat to goat in adult life, and there appears to be 
no great variation resulting immediately from birth. In comparing the 
absolute figures in Table III with those of the Porton workers it must not 
be forgotten that the latter were of unanesthetized goats. The mean out- 
put of the heart per minute, taking both pulmonary and systemic circula- 
tions into account, would have been 0-266 c.c. per g. of goat as shown in 
Table III. 


The distribution of the blood as between the placenta and the foetus. 


It is now possible to draw some conclusions of a very rough character 
as to the relative quantities of fostal blood which circulate in the placental 


Embryo 


~ 


Fig. 2. Simplified scheme of fetal circulation. A=aorta, Ap=umbilical artery, V,= 
umbilical vein, Vg vein from embryo, A g=general arterial supply to embryo, H =heart. 


circulation and in the rest of the foetus. It will be understood that only 
the roughest approximation can be attempted, for which purpose the 
nicer points of the fostal circulation may be ignored and the scheme 
reduced to the simple terms indicated in Fig. 2. The blood leaves the 
heart H, goes along the artery A and divides into two streams in each of 
which the composition is the same as in A. These streams course through 
the foetal and placental capillaries respectively, reuniting at the junction 


of Vz and Vp. Consider then the circulations through the embryo and the 


placenta as being simply in parallel. We have: 
(a) The oxygen used by the embryo is equal to that taken up in the 
placenta. The oxygen used in the embryo is the oxygen difference D, 
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between the bloods which enter and leave it multiplied by the volume 
of blood V, which traverses it in 1 min. The oxygen taken up in the 
placenta is similarly D,, the oxygen difference between the bloods in the 
umbilical vessels, multiplied by V,, the volume of blood which traverses 


them in 1 min.: Vo. 


(b) The aieahity of oxygen in the veins of the embryo is very small 
and it clearly cannot be less than nothing. As a first approximation let us 
regard it as zero, in which case D, simply becomes the oxygen content of 
the blood going to the embryo, 1.e. the blood in the umbilical artery. 


Below will be given analyses of the oxygen content of the blood in the 


umbilical vessels. The above equation therefore gives the relative propor- 
tion of blood which goes round the embryo and the placenta respectively, 
or rather a limiting value for this ratio. The blood circulating through 
the embryo cannot bear a less ratio to that which circulates through the 
than that shown in Table IV. 


IV. 


Total 
vols. per 100c.c. Oxygen Ratiooffiow blood Blood flow: ex- 6.8. 
A difference through flow : c.c. per min. changed: 4g. 
per 


art.* vein placenta Foetus Placenta per min. Fotus Placenta min. per min. 


Footus 
18 1-95 4-42 247 #&4«23$56 44 25-8 14-4 11-4 0-28 0-0012 
19 1-70 3°93 2-23 57 43 70 40 30 0-68 0-0012 
32 2-97 8-06 5-09 63 37 217 137 80 41 0-0034 
21 304 £2850 64 36 154 97 57 2-9 0-0035 
22 3-92 5-98 2-06 35 65 262 92 170 36 
36 4-02 6-92 2-90 42 58 257 108 149 43 0-0031 


* Assumed to be the oxygen difference between systemic arterial and venous blood. 


The oxygen used by the embryo. 

‘With the information gained concerning the blood flow through the 
embryo, we are in a position to calculate the superior limit of the oxygen 
used by it. Assuming still that the venous blood is fully reduced, the 
results of the calculation are shown in Table IV. 

We have assumed the venous blood to be entirely reduced, but in the 
case of three experiments we have analyses of the venous blood, namely: 


Taste V. Oxygen content of venous blood. 


Vein per 100c¢.c. saturation 
21 Vena cava 13 12-3 
32 J | 4-74 32-1 

Vena cava 1-68 115 


PH. LXXXII. 
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506 J. BARCROFT, L. B. FLEXNER AND T. McCLURKIN. 
We may consider the cases of footuses 21 and 36 in which we now know 


also between the dorsal aorta (as represented by the umbilical artery) and 
the vena cava. If we assume this oxygen difference as being typical of the 
body generally we arrive at the figures given in Table VI. . 


Taste VI. 
difference : 
c.c. per 100 c.c. Ratio of 
of blood blood flow n used 
A used: per g 
Foetus Placenta Body Placenta Body  .c. per min. per min 
21 5-46 1-74 24 76 1-74 0-0025 
36 2-90 2-36 45 55 2-36 0-0021 


The assumption is that the oxygen difference is the same throughout 
the body, but here we are faced with the fact that some of the blood which 
comes from the umbilical vein goes to the head with a less admixture of 
blood from the body than is contained in the dorsal aorta. The only in- 
formation to guide us is in Exp. 32, where the blood in the jugular vein 
contains 4-74 volumes p.c. and is 32-1 p.c. saturated with oxygen. Let 
us make the following assumptions: 

(1) That the blood in the carotid artery comes from the umbilical 
vein quite unmixed with blood from the body (0, =8-06 vol. p.c.)—the 
extreme case. | 

(2) That one-third of the blood goes to the head. 

(3) That the blood from the vena cava is as in foetuses 21 and 36— 
about 12 p.c. saturated. 


per g. per min. This figure is very close to those in the last column of 
_ Table VI, and seems to be as near as we can get at present to that used 
by the foetus towards the end of intra-uterine life. At all events it _— 
to be of the right order. 


Oxygen consumption before and after birth, 

In marked contrast to the blood flow, which is nearly the same after 
birth as before it, the oxygen consumption after birth at once leaps to 
several times its prenatal value. Taking 0-0025 c.c. per g. per min. as the 
oxygen consumption of the foetus, it may be compared with the figures in 
Table VII for the kid. Fig. 3 shows the oxygen consumption of the 
footus compared with that of kids up to 15 days, and also with figures for 
the adult goat from the paper to which reference has been made. 


the oxygen difference not only between the umbilical artery and vein, but 


The oxygen consumption of the fostus would work out at 0- 0024 c.c. | 
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VII. 
Oxygen consumption : c.c 
Serial No. Weight: : rg. 
of kid kg. Age per min. oui a 
27 2-17 20 hours 10-8 0-005 
33 2-93 1 day 31-6 0-011 
28 1-70 3 days 16-9 0-010 
34 3-75 6 days 34-1 0-009 
31 15 days 35-7 0-006 
Weeks after} Adult 
birth | goats 
ro) 0-010 
° 40-008 
0-007 § 
E : 
0-5} D 
0-4 0-004 5 
Sooo & 
0-2- 6 0-002 
~ 2 13 14 15 16 17 18 19 20 21 22 
Weeks of foetal life 


Fig. 3. Relation of minute volume of blood and oxygen consumption 
to phases of antenatal and postnatal life. 


The contrast is remarkable, The youngest kid which we observed was 
20 hours old and had not been fed. Yet even under an anesthetic it had 
an oxygen consumption of 0-005 c.c. per g. per min., whilst the majority 
of those tested had a metabolism of about twice that figure. 
It appears therefore that as the immediate consequence of birth, the 
oxygen consumption of the organism leaps to several times that of the 
foetus. Evidently this sudden jump is caused by the superposition of 
activity upon the true basal figure, that is the value necessary for the 
mere vegetative existence of the tissues. The more detailed study of this 
phenomenon must be reserved for future work. 
A constant source of solicitude has been whether the conditions of 
circulation and respiration have been so impaired in our experimental 
foetuses as to give too low results. 
33—2 
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Zuntz and Cohnstein [1884] give two experiments in which they 
measured the rate of flow in the umbilical artery of the sheep by means of 
a stromuhr; their results were variable, but on the average in one experi- 
ment they observed a flow of 0-003c.c. per g. of footus per min., in 
another 0-016 for foetuses of 1300-1500 g. Our experiments in the later 
stages of pregnancy give about 0-15 o.c. per g. per min. for the circulation 
through the heart of which about a third goes through the placenta, 
making 0-05 .c. a much larger figure than that of Zuntz and Cohnstein. 
These authors did not give a calculation for the whole oxygen used by the 
foetus, probably because they regarded their data as being too incomplete 
to justify the calculation; they gave a few figures for the oxygen in the 
umbilical vessels of the same general nature as our own, but with such 
slow blood flows it is clear that the calculation if made would yield a 
result much lower than ours. 

With regard to the rise in the oxygen consumption at birth, Pom- 
merenke, Haney and Meek [1930] observed that in the rabbit the 
metabolism of the mother shortly before giving birth was approximately 
equal to that of the mother+the young, shortly after birth. Their ex- 
cellent paper gives considerable literature on this subject, but of course 
their result does not prove that the metabolism of the young after birth 
is the same as before birth, nor do the authors make that claim; in any 
case rabbits are much less mature at birth than goats. 


CoNCLUSIONS. 


1. During the latter half of fostal life: 
_ (a) The ratio of the blood flow through the heart to the weight of the 
body varies little. It is of the order of 0-12-0-18 c.c. per g. of foetus per 
min, 
(6) The oxygen used by the foetus also remains constant at about 
0-0025 + 0-001 ¢.c. per g. per min. 
2. The quantity of blood which flows through the foetal heart is, 
relatively to the body weight, the same before and after birth. : 
3. The oxygen used by the foetus, relatively to the body weight, i in- 
creases on birth to perhaps four or five times the prenatal value. 
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- Fora muscle giving a series of twitches A. V. Hill [19286] found a mean 


value of 2-07 for the ratio (total heat in oxygen): (total heat in nitrogen). 
The latter includes the delayed anaerobic heat [see Cattelland Hartree, 
1932], aud if this were 8 p.c. of the whole the ratio (total heat in oxygen): 
(initial heat) would be 2-24. It was interesting, therefore, to determine 
the latter ratio directly in a series of twitches, and at the suggestion of 
Prof. A. V. Hill this has been done for the case of a muscle twitching at 
regular intervals during the maintenance of a steady state of activity. 
The same method was applied for the case of a muscle in nitrogen, though 
here, strictly speaking, a “‘steady” state is not possible. 

Principle of the method. If to a muscle on a thermopile is applied a 
regular series of shocks the heat deflection. occurs on a rising base line 
owing to the accumulation of the recovery heat due to previous contrac- 
tions. After a certain time a steady state is reached and successive 
deflections become identical, starting from the same point and running 
over the same course. Some time is required for the attainment of the 
steady state, which occurs only when recovery from the earliest twitches 
of the series has been completed. When once the steady state has set in, 
between each pair of the regular series of twitches is produced a total 
amount of heat equal to the recovery heat from either of the said 
twitches, so that between one shock and the next the total heat set free is 
equal to the total heat of one of the twitches. Although during the 


steady state the recovery heat for each twitch does not occur in the 


interval between that twitch and the next, the recovery heat in the in- 
terval must be equal to the full recovery heat of one twitch. If, there- 
fore, we can be sure that the steady state is fully attained, there is no need 
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to follow the heat production for a long time in order to obtain the 
recovery heat of one contraction. The state being steady, the area of the 
deflection-time curve above the interpolated base line gives, in each | 
interval, the value of the total heat (initial + recovery) for a twitch. Fig. 1 
illustrates the procedure. So long as a steady series of twitches is being 
maintained it can be applied equally to a muscle in nitrogen. — 


A 


S 
Time (one shock every 30 seconds) : 

Fig. 1. Muscle heat production. Curve of galvanometer deflection reproduced from photo- 
graphic record when the muscle had reached a steady state of activity. The horizontal 
axis is the initial base line and the deflections for successive twitches lie between two 
parallels to this line. In the interval between two successive shocks the area between 
the curve and the base line gives the total heat corresponding to one twitch. The 
initial heat is given by the maximum deflection of the curve measured from a sloping 
base line extrapolated beyond the response from the previous twitch. For example 


@ (in different twitches), the initial heat is given by the length AB, the total heat by 
the area PQRST. 


To determine the initial heat the sudden deflection following a shock is 
measured from the extrapolated falling line of the previous deflection: The 
maximum deflection corresponding to the initial heat occurs (Fig. 1) at 
the point where the direction of the line traced out by the galvanometer 
is parallel to the extrapolated line of the previous twitch at the same 
moment. The deflection due to the initial heat being very rapid, the 
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extrapolation is quite short, and on photographic records the maximum 
deflection can be quite easily read. The initial heat is obtained from the 
record as a distance. The total heat is obtained as an area. It is necessary, 
therefore, to make a “control” by which heat measured in the two 
different ways can be compared. The comparison is made by heating the 
muscle electrically for a time short compared with that necessary for the 
maximum deflection to be reached. We have then two measures of the 
same heat: (i) the maximum deflection and (ii) the area of the deflection- 
time curve. The heat in the “control” is the same when measured in — 
either way, so that a direct comparison is available and can be ex- 
pressed for any given muscle in such a form as this: 1 mm. of maximum 
deflection represents the same heat as x mm. x sec. of deflection-time area. 
The control must be made separately in each experiment to determine 2. 
‘Experimental details. Usually a pair of sartorius muscles of an 
English frog Rana temporaria was employed at temperatures between 
17 and 24° C, A few experiments made with Hungarian frogs R. esculenta 
kept some time in the laboratory gave identical results. The weight of a 
pair of muscles between the calibrating electrodes was about 120 mg. 
Large muscles were avoided since, into these, the diffusion of oxygen is 
slower and a steady state would not be obtainable at so high a level of 


activity. Twitches were isometric but not recorded. 


A constantan-iron thermopile was used connected to a rapid moving © 
coil galvanometer (Kipp Zb). One muscle lay on each face of the thermo- 
pile. The thermostat was that described by Feng and Hill [1933] for 
neurothermic experiments. With this the base line for the muscle at rest 
was perfectly stable, the thermopile being shielded from every kind of 
external disturbance. 

The galvanometer deflection was registered photographically in a 
Boulitte camera. An adjustable potential divider allowed the spot to be 
adjusted as required for recording. The records, which were of about 
60 mm. amplitude for each twitch, were readable to 0-1 mm. 

Condenser discharges were employed as stimuli, 6 volts and 0-07 pF 
being sufficient in general to give a maximal response. The cathode was 
in the lower half of the muscle. The series of shocks was given by hand by 
pressing a Morse key at regular intervals. The frequency was chosen so as 
to allow a sufficient supply of oxygen by diffusion. According to Hill 
[1928¢, p. 49] for a muscle with one face only exposed to oxygen and of 
thickness not exceeding 1 mm., a frequency of two shocks per minute is 
perfectly compatible with a good supply of oxygen. This was the fre- 
quency generally adopted and there was every reason to suppose that a 
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genuinely steady state of activity was obtained. In certain experiments 
with very thin muscles a frequency of three shocks per minute was em- 
loyed. | 
: oa the instantaneous “control” heating, an oscillatory current of 
high frequency (300,000 per sec.) was used, the arrangement being similar 
to that described by Hartree [19326]. The passage of the current was of 
short duration determined by the opening of a short-circuit key by a 
revolving arm and the closure of the key by a spring as soon as the arm 
had gone by. Since a high frequency current, not stimulating the 
muscle, was used for controls, these could be made at any convenient 
time during an experiment. 


The muscles were mounted upon the thermopile surrounded by 


Ringer’s solution of pH 7-2 and placed in the thermostat for 2}~-2? hours 
_ with oxygen bubbling so as to obtain as perfect a thermal and osmotic 
equilibrium as possible before the experiment proper began. By this 
time also the excitability of the muscle in its new environment should 
become constant. The Ringer’s solution was then withdrawn and the 
muscle placed in an atmosphere either of oxygen or of nitrogen. In 
the latter case traces of oxygen were removed by passing the gas 
over heated copper. The thermostat was then sealed up by closing its 
brass taps. 

After the introduction of the gas it was necessary to wait until a 
steady position of the spot was obtained. A short record of the base line 
was made and the adjusting potential divider was read. Stimulation then 
began with a series of shocks of the chosen frequency until a steady state 
of heat production was obtained. This state was marked by the fact that 
successive deflections took place between the same limits, that is were in- 
scribed between two lines parallel to the base line on the record. Usually 
with muscles in oxygen 13-18 min. were required for the steady state to 
be reached ; with muscles in nitrogen 4-5 min., less owing to the absence of 
the recovery heat. 

Records were made for 2 or 3 min., that is for five or six successive 
twitches. Usually to bring the spot into the camera it was necessary to 
adjust the potential divider, which was then read at the position required 
for the record. A calibration of the potential divider in terms of deflection 
on the record was made later. In this way the distance of the record from 
the original base line could be accurately determined. 

The area of a record above the base line was calculated from its 


successive ordinates at suitable intervals. The mean was taken for several 
successive twitches. 
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A typwal experiment. Date, March 23, 1933. Two shocks per minute, 
6 volts, 0-07 »F. Steady state in oxygen reached after 15 min. stimula- 
tion (30 shocks). Record began after 20 min. 

Mean height of record above initial base line 125-4 mm. Total heat. 
per twitch therefore 125-4 x 30 =3762 mm. xsec., the interval between 
shocks being 30 sec. 

From control heating, 1 mm. maximum deflection i is equivalent to 
33-4 mm. x sec. deflection time. 

The average maximum deflection per twitch was 56-6 mm. The initial 
heat, therefore, corresponds to 56-6 x 33-4 = 1890 mm. x sec. 

Ratio of total heat to initial heat therefore 3762/1890 = 1-99. 

When an experiment is prolonged it may happen that the base line changes somewhat. 
Account can be taken of this if it be assumed that the displacement occurs continuously. 
After the end of stimulation the muscle is left at rest for a time sufficient for recovery. A new 
base line is then recorded. Any difference might be due partly to a change of metabolism, 
partly to a change of osmotic pressure. The true base line at any moment can then be inter- 
polated with sufficient accuracy between the initial and the final reading. When a muscle is | 
in good condition the change of base line is generally quite unimportant for the case of 
oxygen, but owing to the osmotic changes it is more obvious for the case of nitrogen. . 


RESULTS. 

For regular stimulation in oxygen at a frequency of two shocks per 
minute, after the establishment of a steady state, the value of the ratio 
{total heat): (initial heat) was found to be 1-97 as the mean of seventeen 


determinations. The values found lay within quite a narrow range, 
namely from 1-86 to 2-12. When determinations were made at two or 


more frequencies, the values found for the ratio were very close: for 


example, two determinations at a frequency of one shock per minute gave 
a mean of 1-92; four determinations at a frequency of three shocks per 
minute have a mean of 1-97; four determinations at a frequency of four 
per minute gave a mean of 1-94. The ratio is not modified when the steady 
state is maintained for a long time, provided that the muscle remains in 
good condition, giving constant deflections. 

When the muscle is kept in nitrogen the value of the ratio is about 
1-04 at a frequency of about 2 shocks per minute. (Six determinations, 
extreme values 1-01 and 1-06.) 

Observations on single twitches and short tetan. For comparison with 
the results described, experiments were made on the ratio of total to 
initial heat for the case of single contractions, either single twitches or 
short tetani. In this case the area of the galvanometer deflection-time 
curve for a given maximum was compared for the two cases, (i) contrac- 
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tion, (ii) heating control, the controls being made as described earlier. 
The great accuracy of the thermostat made it quite easy to measure the 
total heat for a single twitch. The time necessary for complete return to 
the base line was rarely more than 15 min., which is about the same as 
that required in the previous experiments for the attainment of the 
steady state. For twitches in nitrogen the deflection was followed for 

74 min., when the deflection was constant again. In a few experiments 
_ for comparison, tetani as well as single twitches were examined. 

For single shocks in oxygen the mean value of the ratio (total heat): 
(initial heat) was 1-69 (15 determinations, extreme values 1-47 and 1-92). 
The measurements were made either on fresh muscles by recording the 
first twitches of all, or (after complete recovery) on muscles which had 
been used for an experiment of the kind described earlier. In three 
experiments the ratio (total heat) : (initial heat) was determined for 
1 sec. tetani, the mean being 2-45. : 

For single twitches of muscles in nitrogen the ratio (total heat): 
(initial heat) had a mean value of 1-03 (26 determinations, limits 0-94 and 
1-09). In a certain number of experiments the muscles had already been 
used for previous determinations in oxygen; this seemed to make no 
difference to the ratio. 

The course of the delayed heat production. In a certain number of 
experiments ‘on isolated twitches in nitrogen the ratio (total heat): 
(initial heat) had values lower than unity. This indicated a negative 
delayed heat production. When the phenomenon appeared the difference 
between the ordinates at the same moment of the deflection curve, for the 
twitch and the control respectively, when reduced to the same maximum, 
was generally negative till about 45 sec. after the shock. An analysis of 
the curve showed that the negative heat, when it occurred, appeared 
during the first 20sec. It was generally followed by a positive production 
of heat lasting for 2 or 3 min. The relative magnitude of the negative and 
the positive heat determined whether the ratio (total heat): (initial heat) 
had a value greater or less than 1. 

In some experiments on isolated twitches in oxygen there was the 
same evidence, during the 10 or 15 sec.” following the shock, of a small 
quantity of negative heat. Four experiments were made to determine the 
time course of the heat more accurately. The records were made on a 
more rapidly moving surface and analysed in intervals of 0-4 sec. up to 
10 sec., for the-same muscle contracting, first in oxygen and ‘later in 
nitrogen. The initial heat and the early stages of the delayed heat being 
thus known, an analysis of the further delayed heat in nitrogen was 
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carried out up to 68 sec. in intervals of 4 sec. The results obtained were 
subtracted from the figures found for the total heat in oxygen by a similar 
analysis, The difference gives the time course of the production of heat in 
purely oxidative recovery. 

The results obtained were variable from one muscle to another and do 
not allow any very clear conclusion. The mean of four experiments gave a 
negative production of heat in nitrogen equal to about 3 p.c. of the 
initial heat; the negative heat occurred during the first 16 sec. following 
the stimulus; then a positive anaerobic delayed heat appeared during the 
interval from 16 to 68 sec., totalling about 4 p.c. of the initial heat. The 
oxidative recovery heat is very variable from one experiment to another 
in the moment of its appearance. The results of these analyses, and of 
others made under conditions allowing solely a detection of the total 
delayed heat (oxidative and non-oxidative), seem to show that the total 
delayed heat after a single twitch is clearly apparent only after a rather 
long time—15-30 sec.—from the stimulus. Hartree [1932a] working 
with tetani of various durations found that both in oxygen and in nitrogen 
the delayed heat had a slower onset and a lower maximum rate the shorter 
the duration of the tetanus. The present experiments fit into Hartree’s 
scheme, showing that the delayed heat after a single twitch starts up more 
slowly and has a still lower maximum rate than even the shortest tetanus. 

In order to confirm the reality of the negative heat and to avoid the 
possible objection of a layer of non-responding damaged muscle at the 
surface distant from the thermopile the experiment performed by 
Hartree [1932a, p. 284] was repeated: a strip of filter paper moistened 
with Ringer’s solution was laid on the external face of each of the 
muscles to represent an irresponsive layer. In agreement with Hartree 
and with calculations by Hill [1931, Appendix IIT] I found an apparent — 
production of negative heat ending within 3 sec. after the twitch; with a 
pair of sartorii weighing 112 mg. and two strips of moist filter paper 
weighing 44 mg. (an irresponsive layer equal to 28 p.c. of the whole) I 
found an appearance, during the third second, of a block of negative heat 
equivalent to 14 p.c. of the initial heat. This is much earlier than the 
negative heat found in the experiments proper and cannot explain it. Pre- 
sumably, therefore, that negative heat had a genuine physiological origin. 


Discussion. 


Considering contractions in the presence of oxygen, the different 
values of the ratio (total heat) : (initial heat), for different types and 
durations of stimulus, diminish regularly as one passes from tetani, 
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through series of shocks more or less frequent, to single twitches. For 
tetani the accepted value is 2-5 on English frogs’ muscles [Hartree and 
Hill, 1922, 1924]. For a rapid series of twitches (60-80 in 2 min.) Hill 
[19286] found a value of 2-07 for the ratio (total heat in oxygen): (total 
heat in nitrogen) which, allowing for 8 p.c. delayed anaerobic heat in the 
denominator, gives a value of about 2-24 for the ratio (total heat in 
oxygen): (initial heat), Cattell (1933, 1934], in experiments completed 
while these were being made, found with Rana pipiens a ratio of 2-05 for 
single twitches, 2-5 for 1 sec. tetani. Cattell and Shorr [1932] found for 


mammalian muscle (fine bands of the dog’s scalenus) a ratio of 3-5~4-5 for 


a tetanus of 1 sec., 2-5 for a single shock.. Cattell and Lundsgaard 
[1933], studying the ratio 71/H during the course of a series of isometric 
twitches, found that the “efficiency” of the contraction was greater in a 
shorter series. The present experiments fit well into this succession, by 
showing that ina series of twitches much slower than that by Hill [1928] 
the ratio is as low as 1-97, falling to 1-69 for isolated twitches. The value 
of the ratio obtained during the course of the present research for a I sec. 
tetanus agrees completely with its predecessors. The value 1:69 for 
isolated twitches is lower than that by Cattell [1934], but the difference 
may perhaps be attributed to the fact that the present ea eet and 
his were on different species of frogs. 

For twitches in nitrogen the delayed heat is very small. In a series of 
twitches at low frequency it is 4 p.c. of the initial heat: in an isolated 
twitch it is 3 p.c. This result agrees with that of Cattell and Hartree 
[1932] and of Hartree [1932a], who showed that the delayed anaerobic 
heat may vary from 20 to 8 p.c. of the initial heat, according to the 


duration of the stimulus, falling to still lower values for the case of very 


few twitches. 


In addition to the quantitative changes shown by the ratio (total 
heat): (initial heat) as one passes from tetani to twitches, the experiments 
here reported confirm the fact that the time relations of the delayed heat 
are altered also. The delayed anaerobic heat is much later in its appearance 
after a single shock. It occurs only after an interval during which there is 
‘no heat at all or perhaps a negative heat. This is in agreement with 
Hartree’s results [1932a], who has shown that the delayed anaerobic 
heat occurs earlier and more quickly the greater the degree of the stimulus. 
Hartree [19325] also has shown the existence of a negative delayed heat 
after a short tetanus at 0° C. In a twitch the oxygen recovery heat also is 


delayed and slowed as compared with the case of a tetanus [see Hartree, 
1932a, Fig. 3]. 
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RECOVERY HEAT IN TWITCHES. 517 
It seems, therefore, that the processes of muscular recovery differ in 


extent, and in their relation to the time, for a longer tetanus, for a 


shorter tetanus, for a series of shocks at greater or less frequency, and for 
a single twitch. For a single twitch, or for a series of twitches at low 
frequency, the production of heat is the only sign of the. metabolic 
activity of the muscle which can be studied, chemical investigations in 
this case of the processes accompanying (or following) muscular activity 
being difficult, or impossible, owing to the smallness of the quantities 
involved and the rapidity of the changes. The measurement of the heat 
production shows that it is not certain that what happens in a single 
twitch is identical with what happens in a tetanus. During prolonged 
activity, successive twitches find the muscle in a chemical state different 
from that of a muscle at rest and it is not surprising that, even if the 
initial process is the same, the phenomena of recovery are different in the 
two cases. Cattell and Lundsgaard [1933] and Cattell [1934] have _ 
discussed the possibility of a decrease of ‘‘efficiency” of the chemical 
processes accompanying muscular contraction, as one goes from a single 
twitch to a tetanus. The increase of the ratio (total heat) : (initial heat) 
with the extent of activity can be expressed as a decrease of “efficiency” 
with increased extent of contraction. 

The existence of a negative heat, the smallness of the delayed 
anaerobic heat and the greater delay in its appearance, the decrease in the 
oxydative recovery and its delay, are several signs of the change in the 
balance of the endo- and exothermic reactions, evidence of whose existence 
can be provided by chemical study only after a greater degree of activity. 
It is not impossible, for very low degrees of activity producing no con- 
siderable want of oxygen (single twitches or very slow series of twitches), 
that the muscle works entirely by means of its phosphagen mechanism 
and that, in the presence of an adequate supply of oxygen, the resynthesis 
of phosphagen occurs only by a direct oxydative process. In this case one — 
may regard the lactic acid mechanism as intervening, to aid in the 
resynthesis of phosphagen, only in the case of a momentarily insufficient 
oxygen supply or of a large phosphagen breakdown. The direct oxydative 
resynthesis of phosphagen might very well occur with a higher efficiency 
than the indirect resynthesis involving the formation of lactic acid and 
the ultimate resynthesis of the latter to glycogen. 

Hill and his collaborators [Cattell e al. 1931, p. 285] have found 
that, for a muscle poisoned with iodoacetic acid in which contraction 
occurs without formation of lactic acid, the ratio (total heat) : (initial 
heat) after a short series of twitches is about 1-65. This figure is very 
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close to that found during the present work for a single twitch, namely 
1-69. The agreement may well indicate that the normal muscle during 
a single twitch works without formation of lactic acid. It is well known 
moreover that the ratio of phosphate to lactic acid liberated increases 
when activity is prolonged. We are ignorant, and we shall remain ignorant 
until direct chemical determinations can be made on a much finer scale, of 
the value of this ratio for a single twitch; very likely it is large, perhaps even 


infinite [E ggleton, 1933]. In cardiac muscle, Clark and his collaborators — 


[1932] have shown that, in the presence of oxygen, slow rhythmic activity 
can be maintained, for a very long time, without any evidence of lactic 
acid formation. That occurs only when there is a deficiency of oxygen, the 
decomposition of carbohydrate then furnishing the energy necessary for 
the resynthesis of phosphagen otherwise impossible. In the presence of 
oxygen the activity of cardiac muscle is fully maintained when the heart 


is poisoned with iodoacetic acid. So far as we know, the hydrolysis of — 


phosphagen is then the only immediate source of energy for contraction 
and in the presence of oxygen the resynthesis is effected under the in- 
fluence of direct oxidation. It may well be that in skeletal muscle also, 
during isolated twitches or twitches repeated at a very low frequency 
giving a steady state of activity, the phosphagen mechanism alone is 
called into play, the lactic acid mechanism intervening only in the case of 
more vigorous activity. The results of the various researches referred to, 
as well as of the present ones, agree with this hypothesis, 


Summary, 


A procedure is described of ‘measuring the ratio (total heat) : (initial 
heat) during the course of a series of muscle twitches at a frequency low 
enough to allow the establishment of a steady state. The same ratio has 
been measured in the case of a single isolated twitch. 

At a temperature of about 20°C., for a series of twitches at low 
frequency, the value of the ratio (total heat) : (initial heat) is about 1-97 
when the muscle contracts in oxygen, and about 1-04 when it contracts in 


nitrogen, For a single twitch the values are 1- 69 1 in oxygen and 1-03 in 
nitrogen, 


Following isolated twitches, the delayed anaerobic heat has a mean 


value of about 3. p.c. of the initial heat and is much more delayed in its 
appearance than in the case of a tetanus with a more vigorous response. 


_ There is some evidence for a phase of negative heat during the first 20 
after a twitch. 
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RECOVERY HEAT IN TWITCHES. 519 


Following an isolated twitch in oxygen, the oxidative recovery heat 
appears with greater delay than in even the shortest tetanus hitherto 
studied. This agrees with H artree’s conclusion that the onset of recovery 
is more rapid the greater the magnitude of the initial breakdown. 

The possibility is discussed that the normal muscle giving a single 
twitch, or a series of twitches at a very low frequency, contracts without 
the formation of lactic acid and that the latter mechanism comes in only 
when greater activity, or oxygen want, isimposed. 


My very sincere thanks are due to Prof. A. V. Hill for his suggestion of this work and 
for his advice during its realization. I am much indebted to Mr J. L. Parkinson for his 
collaboration during the earlier experiments and for his valuable help. Tam grateful to Dr 
McKeen Cattell for discussing with me the researches referred to. 


REFERENCES. 


Cattell, McK. (1933). Amer. J. Physiol. 105, 17. 

Cattell, McK. (1934). J. cell. comp. Physiol. 5, 115. 

Cattell, McK., Feng, T. P., Hartree, W., Hill, A. V. and Parkinson, J. L. (1931). 
Proc. Roy. Soc. B, 108, 279. 

Cattell, McK. and Hartree, W. (1932). J. Physiol. 74, 221. 

Cattell, McK. and Lundsgaard, E. (1933). Ibid. 78, 246. 

Cattell, McK. and Shorr, E. (1932). Amer. J. Physiol. 101, 18. 

Clark, A. J., Eggleton, M. G. and Eggleton, P. (1932). J. Physiol. 15, 332. 

Clark, A. J., Gaddie, R. and Stewart, C. P. (1932). Ibid. 75, 311. 

Clark, A. J., Gaddie, R. and Stewart, C. P. (1932). bid. 75, 321. 

Eggleton, P. (1933). Biol. Rev. 8, 46. 

Feng, T. P. and Hill, A. V. (1933). Proc. Roy. Soc. B, 118, 358. 

Hartree, W. (1932a). J. Physiol. 75, 273. 

Hartree, W. (19326). Ibid. 77, 104. 

Hartree, W. and Hill, A. V. (1922). Jbid. 56, 367. 

Hartree, W. and Hill, A. V. (1924). Ibid. 58, 470. 

Hill, A. V. (19284). Proc. Roy. Soc. B, 103, 171. 

Hill, A. V. (19286). Zbid. B, 103, 183. 

Hill, A. V. (1928c). Ibid. B, 104, 39, 


Hill, A. V. (1931). Adventures in Biophysics. Oxford Univ. Press. 


CAMBRIDGE: PRINTED BY WALTER LEWIS, M.A., AT THE UNIVERSITY PRESS 


ie 
‘ 
“a 
| 
/ 
| 
€ 
% 
4 
J 
a 
e 
f 
+ 
| 
| 
| 
| 
» ¥ 
we 
3 
a 
£55 
>. 
. 


- 
4 
; 
¥. 
&% 
at 
| 
| 
Cul 
= 
ix 
oF 
A 
~ 
ee 
> 


PROCEEDINGS 
OF THE 
PHYSIOLOGICAL SOCIETY, 


June 9, 1984. 


The effects of frequency of alternating and intermittent direct 
current stimulation on isolated plain muscle. (Foot retractor, 


Mytilus.) By F. R. Winton. (Physiological Laboratory, Cambridge.) 


_In a previous communication it was shown that a direct-current 

stimulus lasting a few seconds increases the viscosity of the Mytilus re- 
tractor up to a hundred-fold for an hour or two. This increase is immedi- 
ately reversed by an alternating-current stimulus. The alternating current 
used in those experiments was derived from the 50-cycle single-phase 
main supply, and revealed the curious property of producing: maximum 
tension development at an optimum voltage, the contraction being de- 
finitely less at higher voltages though these were well below those which 
would induce irreversible changes in the muscle. 

‘These observations suggested an examination of the influence of the 
frequency of alternating current and of intermittent direct current on 
the response of the muscle. A commutator was arranged to deliver a | 
succession of rectangular pulses of current, the intervening periods being 
of about the same duration as the pulses. With alternate pulses of current 
in opposite directions, the alternating-current stimuli (10-15 sec. dura- 
tion) showed an optimum frequency for the development of maximum 
tension which was more sharply defined at low voltages than at high 
voltages. This optimum frequency varies with the applied voltage from 
about 4 per sec. at a low voltage to about ten times this — at about 
ten times the voltage. 

Intermittent direct current produced from the same commutator by 
omitting the phase of reverse current again shows an optimum frequency 
of stimulation; the frequency is about 4 per sec. and is substantially 
____ independent of the applied voltage. Such stimuli in the neighbourhood 
- __ of the optimum frequency produce responses indistinguishable from those 
due to alternating current, the development of viscosity resulting only 
from stimuli much above or below the optimum. Stimulation by inter- 
mittent direct current with the pulses of current lasting a half-cycle, 
instead of a quarter-cycle as above, yields an optimum frequency of 
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2-8 per sec. at which no increase of viscosity appears; such an increase 
is, however, seen if the frequency deviates far from the optimum. 

Such relations between the frequency of stimulation and the response 
could be summarized by a scheme in which each element of excitation 
depended on the movement of ions through a particular distance, the ions 
having to retrace their path before the next element of excitation can 
begin. In alternating-current stimulation the optimum frequency would 
depend on the time taken for the ions to reach their goal, and should 
therefore be proportional to the potential gradient. Above this frequency, 
the ions could not move far enough to excite before the pulse of reverse 
current drove them back, and there should be, and is, a rather sharp 

cut-off. Below this frequency the lower number per sec. of elements of 
excitation results in a smaller tetanus-like response. 

In intermittent direct-current stimulation the ions presumably retrace 
their path by a process of diffusion unaided by the reverse potential 
gradient available in alternating-current stimulation. This portion of the 
excitatory cycle is, therefore, much the longest, and on its duration the 
optimum frequency will largely depend. The optimum frequency of inter- 
mittent direct-current stimulation is thus practically independent of the 
applied voltage. The fact that alternating current at a given frequency 
stimulates optimally at a given voltage is due to the increase of viscosity 
produced by supra-optimal voltages; this increase of viscosity is indicated 
by the relatively slow relaxation, and it presumably occurs early enough 
to interfere with the full development of tension. 


| Respiratory paralysis by magnesium. (Preliminary note.) 
. By 8. L. Prescorr. (The Victoria University of Manchester.) 


The anesthetic action of magnesium salts when absorbed or when 
administered parenterally is well known, and the practical application of 
this action is limited mainly by the respiratory depression which occurs 
even with anesthetic doses. The respiratory paralysis which develops 
when magnesium salts are infused intravenously into the experimental 
animal has certain features which are worthy of discussion. 

1. The paralysis is usually primarily central, as evidenced by aslowing 
of the rhythm of respiration, but the extent of the diaphragmatic move- 
ments is also reduced during the infusion. This is attributed to a de- 
0) action on motor nerve endings [Matthews and Clyde Brooks, 
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2, As the diaphragmatic movements are depressed, however, the 
contractions of the accessory respiratory muscles become prominent, 
especially im decerebrate preparations. These contractions usually 
alternate with the diaphragmatic excursions instead of coinciding with 
them. This sequence is reversed in the early stages of recovery from 
respiratory paralysis. 

3. Recovery from what would be, if untreated, a fatal paralysis is 
extremely rapid. After 2 min. or less of artificial respiration adequate 
spontaneous movements of the respiratory muscles recommence. Blood 
analysis shows that such recovery is not dependent on the rapid removal 
of magnesium from the circulation. If the magnesium be applied to the 
respiratory centre via the cerebro-spinal fluid recovery involves several 
hours instead of only a few minutes of artificial respiration. 


REFERENCE. 
Matthews and Clyde Brooks (1910). J. Pharmacol., Baltimore, 2, 88. 


The effects of sympathetic stimulation upon the striped muscle 
of the esophagus. By G.C. Knicur. (Medical College, St Bartholo- 
mew’s Hospital.) 

In a previous communication the results of stimulation of the ex- 
trinsic nerves upon the intra-cesophageal tension were described. Vagus 
stimulation resulted in increased tonus and motility while sympathetic 
stimulation caused inhibition of motility and decreased tonus. It has 
been found that this type of response is characteristic of the lower third 
of the esophagus, the muscle of which, in cats, is predominantly un- 
striped. In the upper third of the wsophagus, the muscle of which is 
striped, vagus stimulation causes a simple tetanic contraction while 
sympathetic stimulation alone causes no alteration in tonus. Sympathetic 
stimulation during vagus stimulation causes a contraction of the 
cesophageal wall which is larger than that resulting from vagus stimula- 
tion alone. If the vagal stimulation is prolonged sufficiently the contrac- 
tion shows signs of returning to the normal base. If sympathetic stimula- 
tion is now applied it causes a contraction of the esophageal wall greater 
than that originally produced by the vagus. These results may be closely 
imitated by the intravenous injection of adrenaline during vagal stimu- 
lation. 

In association with Prof. Hartridge the time relationship of the 
vagus and sympathetic stimulation has been analysed. As has been said 


above, if the vagus and sympathetic are stimulated synchronously, the 
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resulting contraction is greater than that which results from vagal stimu- 
lation alone. Preliminary results show that if the sympathetic stimulation 
follows the vagal stimulation within 6/10,000 sec., the resulting contrac- 
tion is as great as it is when the stimuli occur simultaneously. If the 
interval between the two is progressively increased, there is a decrease in 
the height of contraction until in 5/1000 sec. the resulting contraction is 
the same as that which results from ™ stimulation alone. 


~ 


_ On the function of the depressor mechanisms. By R. J. 8. 
McDowatu. (King’s College, University of London.) 

It. is commonly assumed that the reflexes which are set up by a rise 
of blood-pressure in the aorta or the carotid sinuses by which the heart is 
slowed and the vessels dilated exist primarily for the protection of the 
heart, but the fact that in exercise the arterial blood-pressure rises without 
any harm accruing to the normal heart suggests this is not the sole or 
even the most important function. 


In a previous paper [1931] I have put forward evidence that the 


cardio-depressor reflex is intimately concerned with increased cardiac 


output per beat. It is now suggested that the vaso-depressor reflex is also — 


related to the cardiac output, since its being thrown out of action results 
in a great diminution in the capacity of the circulation. It is shown 
particularly by Heymans and his collaborators that practically all the 
blood vessels in the body are constricted when vaso-depressor activity 
is reduced by cutting off impulses from the carotid sinus, but he has 
found that the cardiac output is diminished and the general venous 
pressure unaltered. Gollwitzer-Meier and Shulte [1931] have, how- 
ever, reported that in some cases the cardiac output may be increased. 
The experiments now reported show that the venous pressure and the 
cardiac output may be increased or diminished according to the exact 
conditions of the experiment, and the finding of the increase is considered 
to be evidence that a reduction in general vaso-depressor activity results 
in a reduction of the general capacity of the circulation at rest and in 
more blood becoming available for the active muscles. 

Thus the vaso-depressor mechanism makes it possible for the body to 
have immediately available a aid volume of blood without a being 


a high capillary pressure. 


Gollwitzer-Meier and Shulte (1981). Pfligers Arch. 229, 264. 


Heymans (1933). Le sinus carotidien et la zone 
McDowall (1931). J. Physiol. 71, 417. 
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Modification of the Winkler method of estimating dissolved 


oxygen. By W. G. Exuis. (From the Zoology Department, University 


of Burmingham.) 


Many workers have tavviitlaated the respiration of aquatic animals by 
means of the Winkler method for determining dissolved oxygen. The 
device described below considerably increases the ease and accuracy with 
which such investigations may be carried out. 

In the technique used by the author for studying respiration, the 
animal is placed in a small respiration tube, which it nearly fills. Water 
flows continuously through this tube, and is collected under paraffin P, 
in @ collecting vessel V (Fig. 1). This technique is much to be preferred 
to the more usual method, whereby the animal is kept in a large sealed 


vessel of water, the contents of which are sampled periodically. With — 


slight modification, however, the device described below could be used in 
conjunction with the latter method. | 

If the customary method were employed for transferring the respired 
water from V to the Winkler bottle, the water would flow to the bottom 


_ of the bottle through a rubber tube attached to S. The volume of the 


Winkler bottle would be about one-fifth that of the water in V, only 
the last fifth of the water flowing through the bottle being retained for 
analysis. In this way the effects of communication with the atmosphere 
are reduced, but they are not obviated. Further, the larger part of the 
water available for analysis is wasted, a serious drawback when the 
animal under investigation is small. The following method, which has 
been used with animals weighing as little as 0-25 g., is free from both were 
objections. 

The water is transferred trons the collecting vessel V, not into a 
Winkler bottle, but into a pipette (Fig. 2, A), of 100c.c. capacity, with 
a two-way tap at either end. Above the upper tap is a reservoir R, the 
capacity of which is about 5..c. The diameter of the passages in the 
upper tap must be not less than 4 mm. To R is attached a piece of pres- 
sure tube 7;,, carrying a glass tube G. By means of a suction pump at- 
tached to G, mercury is sucked in until it fills 4, R, and the greater part 
of G. A piece of rubber tube 7, is now attached to G, and mercury is 
‘poured in until the apparatus is completely filled (z.e. up to the level L,). 
The stem S of the vessel V (Fig. 1) is then pushed a short distance into 
the tube 7, (Fig. 3). The tap of V is then opened, and the tube S is pushed 
well down into 7, so that the mercury is driven a little way into V, as 
shown in Fig. 3, where L, indicates the level of the mercury. The lower 
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tap of A is then opened. This allows the mercury to flow out of A, and it 
is replaced by water from V. In this way nearly all the water collected in 
the respiration experiment is made available for analysis, and none of it 
comes into contact with the atmosphere. 

The Winkler reagents are added to the water in A as follows. First, 
after detaching the tube 7',, the appropriate amount of alkaline iodide 
solution is placed in the reservoir R. When the tap between R and A is 


Ne 


Fig. 1. x }. Fig. 2. x }. 


then opened the reagent runs into A, displacing the specifically lighter 
water. The necessity for the wide bore of the upper tap will now be 
apparent; the displacement would not easily take place through a 
narrow bore. After R has been washed out, the manganese solution is 
added in the same way. The precipitate in A, after having been well 
agitated and allowed to settle, is dissolved in hydrochloric acid added in 
the same way as the other reagents. 
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The salts of young bone. By C. M. Burns and N. Henperson. 
(Unwersity of Durham College of Medicine.) 


The bones of young kittens (1 day-12 weeks old) were divided into 
cartilaginous epiphyses and ossifying bone and the respective weights and 
water contents were determined. Kittens from different litters showed 
very different rates of growth, and proportions of cartilage to bone. In 
kittens from the same litter, cartilage with water content of 80 p.c. con- 
stituted 50 p.c. of the total weight of the bones from animals of 1-7 days, 
falling to 40 p.c. in 17-day-old bone, while the ossifying epiphyses (water 
content 68 p.c.) of 45-day-old bones fell to 35 p.c. 

The ossifying portions of all these bones contained an average of 
46-9 p.c. solids, and showed no consistent differences with age. The 
humerus m each case contained a higher proportion of total solids. 

The calcium, phosphate and carbonate were determined on the fol- 
lowing portions of the dry, fat-free ossifying bone; calcified cartilage, 
cancellous bone, cortex covering cancellous bone, and cortex from the 
middle of the shaft, 1.c. the oldest part. The calcium of the calcified 
cartilage averaged 17-6 p.c. (70 p.c. of the figures fell between 16-5 and 
18-5 p.c.). The cortex of the ends of the bone showed a similar range for 
calcium content, and in both these tissues the calcium content did not 
vary with age. The cortex of the middle of the shaft had a calcium content 
of 18 p.c. in the youngest animals, reaching 22 p.c. at 12 weeks. This may 
be compared with the figure of 26 p.c. in the adult cat. The calcium 
content of the cancellous bone varied from 18 to 12 p.c., tending to fall . 
with age. The carbonate present sufficed to combine with 8 p.c. of the 
calcium in the calcified cartilage, but 10 p.c. in the middle of the shaft. 
Proportions for the cortex of the ends and the cancellous bone lay be- 
tween these. The phosphate content of the different parts was such that 
the salts of the older bone might be a mixture of calcium carbonate and 
tertiary phosphate, but in the forming bone some additional phosphate 
was present. The composition of the tissues from femur, tibia, or humerus 
was the same. | 

The variation in carbonate and phosphate content indicates that 
bone salts are not deposited as a compound of calcium phosphate and 
carbonate, but rather a mixture. The chemical changes in bone under 


- different conditions cannot moreover be deduced from the chemical 


composition of the bone unless changes in size and modelling are also. 
considered. | 
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Coagulation time of normal human blood. By 8. B. Sroxer. 
(University of Durham College of Medvevne. ) 


Blood coagulation time was measured by a modification of Cannon’s 
graphic coagulometer, whereby the movement of a needle-plunger in the 
shed blood is recorded on a smoked surface every 4 min. As the surface 
of the drum moves over a measured distance immediately after the 
plunger rises in the blood an automatic time record is obtained. 
‘Nineteen apparently healthy persons (ages 15-56) had capillary blood 
withdrawn approximately every 15 min. over periods of 8-24 hours— 
with and without food, in bed or with mild exercise. It was found that: 

(i) Capillary blood: coagulation time varied from minute minute, 
e.g. consecutive times might be 3 and 15 min. 

(ii) These variations take place cyclically unless upset yi some ab- 
normal occurrence, ¢.g. headache. : 

(iii) These cyclic variations are so characteristically individual that, 
- once established, that person’s clotting time some hours ahead may be 
forecast. 

(iv) Food, drink and ordinary exercise -_ no appreciable effect on 
clotting time. 

Venous blood shows similar variations in clotting time. 
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‘The liberation of a choline ester in the inferior mesenteric | 
ganglion. By G. Barsoum, J. H. Gappum and M. A. KnAyyat. 


_ Feldberg and Gaddum [1934] perfused the superior cervical ganglia 


of cats with Locke’s solution, and showed that, under these conditions, 


stimulation of the cervical sympathetic nerve caused the appearance of 
acetylcholine in the perfusion fluid. They concluded that the normal 
mechanism by which each impulse crossed the synapse in the ganglion 
consisted in the liberation of acetylcholine. It was impossible in these 
experiments to confine the perfusion strictly to the ganglion itself and 


it might perhaps be suggested that the vagus ganglion, or even the 


carotid sinus, might have been the source of the acetylcholine. In order 
to test this possibility we have carried out similar experiments with 
another sympathetic ganglion, the inferior mesenteric ganglion of a dog, 
and have obtained results similar to those of Feldberg and Gaddum. 
The preliminary dissection was comparatively simple. The arterial 
cannula was tied into the inferior mesenteric artery peripheral to the 
ganglion. The preganglionic nerves, including the nervous plexus which 
runs down on the anterior surface of the aorta, were tied together for 
stimulation. The mesentery, with the small arteries which it contains, 
and the hypogastric nerves were divided between ligatures. The vein of 
the ganglion, which runs directly into the vena cava, was then opened. 
The inferior mesenteric artery was tied near its origin from the aorta 
and the ganglion removed from the dog. The perfusion fluid was warm 
Locke’s solution containing eserine. It was allowed to drip from the cut 
end of the vein, and collected in a cylinder. It was diluted 1-4 times 
with water and tested on leeches in comparison with acetylcholine. 
Control samples collected before stimulation were inactive, but stimu- 
lation caused the appearance in the perfusion fluid of a substance which 
caused a marked contraction of a piece of leech sensitized with eserine, 
and had comparatively little effect on a normal piece of the same leech. 
This evidence makes it probable that the substance was a choline ester. 


- Fluid collected after stimulation had ceased was less active than that 
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collected during stimulation, but a small amount of activity could be 
detected in samples collected 10 or even 20 min. after the period of 
stimulation. 
The inferior mesenteric ganglion of a dog is similar in size to the 
_ superior cervical ganglion of a cat, and the amount of activity which it 
was found to liberate was also similar. In one experiment, for example, 
the a.c. equivalent (apparent acetylcholine content) of the fluid was 
about. 15y per litre, and the rate of flow was 1-5 c.c. per min. This solu- 
tion was actually less active than those obtained by Feldberg and 
Gaddum, but the rate of flow was greater, and the total amount of 
activity liberated was about the same. | 
These results support the view that the liberation of choline esters 


is a property of sympathetic ganglia in general. 


REFERENCE. | 
Feldberg, W. and Gaddum, J. H. (1934). J. Physiol. 81, 305. 


Note on the function of the mammalian kidney. 
By Pu. 

| Studies on the living mammalian kidney by microscopic methods 

have been carried out by Ghiron [1912, 1913], Khanolkar [1922], 
Edwards and Marshall [1924] and Edwards [1926], by the use of 
reflected white light; the results were not satisfactory. Using the method 
of the intravital microscopy [Ellinger and Hirt, 1929, 1930] I com- 
menced, with A. Hirt, a study of the function of the rat’s kidney. Obser- 
vations of glomeruli and distal tubules were made by cutting off a piece 
of kidney tissue with a knife heated, as proposed by Dr Hirt, in boiling 
Ringer solution, without causing much bleeding and without affecting 
any function. This work, however, was not completed. 

Employing this method I have now examined the effect of urea in- 
undation of the body on the function of the normal rat’s kidney, and on 
the kidney of an animal whose blood-pressure was diminished by severing 
the spinal cord at the neck. Observations on the function of the normal 
kidney have also been included. 

The intravital microscopic picture of the surface of the normal de- 
capsulated kidney demonstrates the proximal tubules. Some of them 
are stained uniformly green by lyochroms [Ellinger.and Koschara, 
1930a-c, 1934], while others have pale yellow fine granula on a green 


base. These granula are mostly symmetrically distributed, sometimes, 


however, concentrated around the cell walls. Some of the tubules are 
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dark. Both types, green and yellow, differ also in function and staining 
with dyestuff. The lumina of the tubules are dark. The interstices are 
packed with dark violet-coloured blood capillaries, some of which cross 
the tubules. The glomeruli and the distal tubules, observed after cutting 
off the superficial tissue, are not stained spontaneously by lyochroms. 
Following the intraperitoneal injection of fluorescine into normal rats, 


the green fluorescent dyestuff is seen a few minutes later in the glome- _ S 


rular capsules, penetrates into the lumina of the spontaneously green 
proximal tubules and stains their epithelium uniformly yellow. Later, 
this colour becomes deeper than that of the lumina. The lower parts of 
the urinary duct also stain yellow, but the lumina of the distal tubules 
are more intensely stained than the epithelium. 

After intraperitoneal injection, trypaflavine also appears quickly in 
the glomerular capsules, staining the nuclei of the epithelium and glome- 
rular capillaries. It passes rapidly into the lumen of the formerly green 
proximal tubules; simultaneously, the epithelium is stained and it cannot 
be seen whether the dyestuff penetrates from the lumen or from the 
blood capillaries. The colour is at first uniformly yellowish green, but 
frequently the cell walls (i.e. the interstitial lymph spaces) appear earlier 
and more deeply stained, some time later becoming dark again. Later, 
the dyestuff can be seen occasionally in the epithelial nuclei of the tubules, 
but it is found mostly in large aggregates in the protoplasm. The epi- 
thelium of the distal tubules is similarly stained by trypaflavine. The 
yellowish granulated proximal tubules remain mostly unstained by both 
dyestuffs. 

By intraperitoneal injection of urea all glomeruli become active. 
Fluorescine is eliminated from the epithelium of the tubules and the 
lumina become pale yellow. The direction of transport of dyestuff cannot 
be determined. Trypaflavine is also partially eliminated from the epi- 
thelium by urea, but only in the direction of the blood capillaries, the 
cell walls becoming temporarily pale. 

After severing the spinal cord at the neck the glomeruli become 
nearly all inactive, and the few remaining partially active secrete no 
urine into the capsules. With trypaflavine and fluorescine the epithelial 
cells of the proximal tubules stain more slowly than those of normal 
rats. No dyestuff can be seen in the lumina. The epithelium of the distal 
tubules is also stained but much more slowly. By injecting urea, the 
velocity of the blood flow increases, but no secretion of fluid into the 
glomerular capsules can be seen. In the animals previously injected with 
fluorescine the lumina of the spontaneously green proximal tubules be- 
come intensely yellow and the concentrated acid dyestuff can be observed 
in the lumina of the distal tubules. The bladder is also filled with yellow- 
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stained urine. On the contrary, trypaflavine cannot be passed into the 
lumen by urea, the bladder being filled ‘with urine free from dyestuff. 
It is evident therefore that, as with the frog’s kidney, so also with 
the mammalian kidney, the secretion of urine by the epithelial cells of 
the proximal tubules can be produced by inundation of the body with 
urea when the glomeruli are inactive. 
_ The staining of the interstitial lymph spaces with trypaflavine, pre- 
ceding and following the coloration of the epithelium, indicates the 
importance of the lymph for the transport of liquid between the epi- 
thelium of the tubules and the blood capillaries, as Ludwig and 
Zawarykin [1863] and Keller [1933, 1934] suggested. 
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Note on the theory of urine production. By Pu. ELiincrr. 


The aim of the present work was to confirm and to explain 
Nussbaum’s classical experiment [1878] which strongly supported the 
secretion theory of urine of Bowman and Heidenhain using the 
method of intravital microscopy [Ellinger and Hirt, 1929a, 19306]. 
In previous work with Hirt [19296, 1930a, 1931] with this method the 
kidneys of frogs showed characteristic differences in summer and winter. 
The epithelium of the glomeruli and of the proximal and distal tubules 
stained differently with fluorescine and trypaflavine and showed differ- 
ences in pH and static potentials of the cell contents. In summer the 
_ urine was also more concentrated and more acid than in winter. When 
the renal arteries were ligatured the circulation ceased completely in all 
the glomeruli of the part affected. In both summer and winter frogs the 
epithelium of the proximal tubules stained with fluorescine, whereas that 
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of the distal tubules did not. In summer both types of tubules stained 
after ligature with trypaflavine, but in winter neither. In both summer 
and winter frogs, after ligaturing the renal arteries, fluorescine was 
demonstrated in the lumen of the proximal tubules; in the latter the 
dyestuff was secreted simultaneously with a certain amount of water 
and passed into the lumina of the distal tubules; in the summer only a 
small quantity of liquid was secreted and the dye did not reach the lower 
parts of the urinary duct. Trypaflavine, on the other hand, never pene- 
trated the epithelium of the proximal tubules to the lumina in any 
significant quantity after ligature. The urine secreted by the proximal 
tubules was very acid, much more so than that produced by the glomeruli. 
This was shown by the yellow fluorescence of acid fluorescine, the alkaline 
dyestuff showing a green fluorescence. 

In order to elucidate Nussbaum’s experiment I ligatured the left 
renal arteries of summer frogs—winter frogs were not used, as their 
kidneys produce a small quantity of urine even after ligature—and in- 
jected fluorescine into the right femoral lymph sac. When the epithelium 
of the proximal tubules were stained and some dyestuff had passed into 
the lumina I injected a urea solution into the lymph sac. At once the 
lumen of the proximal tubules became very pale yellow and the concen- 
trated acid dyestuff was pushed forward into the lower parts of the 
urinary duct. The glomeruli were not perfused with blood and showed 
no activity. Therefore the urine could only have been produced by the 
epithelium of the proximal tubules. 

A urea solution was injected into the leg lymph sac of normal frogs, 
both summer and winter previously injected with fluorescine at the exact 
moment when the excretion of the dyestuff was at its height. At once 
all the glomeruli, including those previously inactive, began to show 
circulation; but simultaneously the lumina of the proximal tubules, pre- 
viously slightly yellowish green, showed the pale yellow colour charac- 
teristic of acid urine, and this was present in the lumina of all the lower 
parts of the urinary duct. Evidently therefore, after urea injection, urine 
is produced both by filtration through the glomeruli and by secretion 
of the epithelium of the proximal tubules, as was previously found 
[Ellinger and Hirt, 1930q] for secretion of injected acid by the kidney 
of winter frogs. Neither in summer nor winter frogs was injected trypa- 
flavine demonstrated in the urinary duct after ligature of renal arteries. 
Trypaflavine cannot pass from the epithelium of the tubules into the 
lumen. 

Nussbaum’s experiment must be interpreted therefore to mean that 
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the epithelium of the proximal tubules absorbing normally only from 
the lumen to the vein, secretes in the opposite direction when pressure 
is low in the glomerular capillaries or after sudden inundation with 
substances like urea or acid which must be excreted by the kidney. The 
urine thus produced is always very acid and concentrated. Glomerular 
function is not restored by injecting urea, as Bieter and Hirschfelder 
[1926] and Richards and Walker [1927] believe. Degeneration of the 
tubular epithelium cannot be the reason for the secretion by the tubules 
contrary to the opinion of Beddard [1902] and Bainbridge and 
Beddard [1906], as my experiment was performed a few minutes after 
ligaturing, and the same results were obtained by unligatured kidneys. 
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The liberation of acetylcholine at vagus nerve endings 
in isolated perfused lungs. By J. W. THornron. 


It was shown [Thornton, 1932] that perfused guinea-pig’s lungs - 


with their vagus nerves provide an isolated mammalian nerve-muscle 
preparation that is sufficiently durable to permit the recording of bron- 
chial and pulmonary vessel reactions on faradic stimulation of the nerve. 

These experiments have been extended by the addition of eserine 
to the perfusing saline, and the testing of the outflowing perfusate on 
sensitized leech muscle and on the blood-pressure of the anssthetized 
cat and on the isolated frog’s heart. 

In the isolated lung the usual result of vagal stimulation is the pro- 
duction of powerful constriction of the bronchi and feeble dilation of 
the pulmonary blood vessels; occasionally the latter constrict. The addi- 
tion of eserine does not appear to prolong the reactivity of the vagus 
in time, but it does increase bronchial contraction, and protect a sub- 
stance which is liberated into the perfusate and which has the properties 
by which acetylcholine is now recognized [Dale and Feldberg, 1934a]. 
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As shown by Dixon and Brodie [1903] in intact cats, and by the 
above-quoted method in isolated guinea-pig’s lungs, the bronchi con- 
tinue to constrict for some time after vagal stimulation ceases. It has 
now been found that both during stimulation and during this subsequent 
constriction the outflowing perfusate contains a substance that constricts 
the sensitized leech muscle, lowers the cat’s arterial blood-pressure and 
inhibits the frog’s heart. It is also unstable in alkali. Before and after 
these periods the perfusate is inactive. 

Note. In using the leech-muscle preparation the difficulty mentioned 
by Dale and Feldberg [19346] concerning the stimulant action of a 
substance derived from the human palm and fingers was met with. 
Another difficulty was the irregularity with which the leech could be 
sensitized; some animals provided muscle that reacted well to acetyl- 
choline in a concentration of only 0-1+y per litre, and this might happen 
after only 10 min. soaking in the eserine. On the same day muscle taken 
from a similar situation on other leeches (which were kept in the same 
jar) would entirely fail to be sensitized even after 2-3 hours’ soaking; 


while in one case the only reaction obtained was a dilatation to acetyl- — 


choline on increasing the concentration of the latter to 1 in 20,000. 
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Changes in the efficiency of muscular contraction in relation 
to activity. (Preliminary note.) By Carrett and H. Ferr. 


In general the ratio of 71/H in a muscle twitch is a fairly constant 
one under a variety of conditions. It has long been known, however, 
that the efficiency declines in advanced fatigue, and recently Hill has 
reported an increase in the efficiency of the twitch of the isolated gastroc- 
nemius during experiments in which the muscle was subjected to periods 
of tetanic stimulation. 

Using a strictly isometric technique with photographic recording for 
the tension and a sensitive thermopile-galvanometer system for the 
initial heat, we have followed the changes in T/H ratios of single twitches 
in the frog’s sartorius muscle under various conditions. 

When the muscle is kept in nitrogen and stimulated occasionally with 


single shocks to test the efficiency, the tension of the twitch slowly falls 
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and there is a gradual decrease in the 7/H ratio, which finally reaches a 
value of between one-half and one-third of that at the start. If such a 
- muscle is given fifty shocks in quick succession or a short tetanus, there 
is an increase in the efficiency of the succeeding twitches which in the 
course of time again falls as in the resting muscle. By stimulating the 


muscle to occasional periods of extra activity it is possible to maintain — 


indefinitely at the original value the efficiency. of the single twitches, 
even to the point where the tension has fallen to less than a quarter of 
that at the start. | gt 

Since under these conditions there is presumably a gradual accumu- 
lation of lactic acid, it is natural to associate the lowered efficiency with 
this factor. The phosphagen hydrolysis causes the muscle to become less 
acid in reaction and, since it is a reversible process, this cycle might 
explain the temporary effects of activity. Changes in pH might well be 
the underlying cause of the changes in efficiency. To throw light on this 
possibility pH changes were induced by the use of various concentrations 
of CO,. The result was always to depress the 7/H ratio. In one experi- 
ment the effect of 25 p.c. CO, in O, was to more than double the heat 
without appreciably influencing the tension. This effect is completely 
reversible and may be repeated a number of times in the same muscle. 


The effect of ligation of a primary arterial branch on the blood 
and urine flow of the isolated kidney of the dog. By Mary 
PickrorD and E. B. VERNEY. 


_ When in the perfused isolated kidney a primary branch of the renal 


artery is ligated, an increase in the rate of urine secretion by the tissue 
retaining its blood supply occurs [Pickford and Verney, 1929]. This 
increase is immediate in onset and marked in degree, and is characterized 
by such change in the composition of the urine as accompanies the in- 
creased rate of flow produced by a rise in perfusion pressure. When, 
however, the venous outflow is measured before and after ligation of the 
arterial branch, there is observed a close correspondence between the 
reduction in blood flow expressed as a percentage of the total, and the 
reduction in perfused renal tissue as demarcated by the addition of a 
dye to the blood and determined at the end of an experiment from 
cortex weighings: the means of the figures in six experiments were 45-7 


and 44-5 p.c. respectively, The closeness of this correspondence led us 


to infer that little or no change in the rate of blood flow per unit of 


¢ 
| 
1 
ag 
a 
a 
4 
R 
3 | 
a 
Sas 
a 
| 
inj 
| 
| 
| 
| 
| 
4 | 
+ 
+ 


5 
ed) 

Rife 
~ 
> 

a 


SOCIETY, JUNE 30, 1934. ves 


functioning tissue occurred as the result of arresting the arterial supply 
to part of the kidney. But when, in the light of this inference, we com- 
pared the blood- and urine-flow responses of such a reduced kidney to 
changes in perfusion pressure with those simultaneously evoked from 
the contralateral whole kidney, we found that the reduced kidney showed, 
per unit of functioning tissue, the greater sensitivity in so far as urine- 
flow response was concerned, and the smaller sensitivity in so far as 
blood-flow response was concerned. A rise in perfusion pressure from 
88 to 120 mm. Hg, for example, produced, with the whole and reduced 
kidneys respectively, increases in unit blood flow of 12 and 9 p.c. and 
in unit urine flow of 83 and 307 p.c. of the arbitrary values allotted to 
the whole kidney as its unit blood flow and urine flow at the lower per- 
fusion pressure. Of the truth of the conclusion in so far as the urine-flow 
response is concerned the figures admit no doubt. The sign and degree 
of the difference in unit blood-flow response, however, prompted us to 
examine more carefully the validity of the inference by the aid of which | 
it was derived. There arose the possibility that an increase in blood flow 
through one part did result from arrest of the blood supply to the other 
part of the kidney, but that the use of staining as a means of demarcating 
active from inactive cortex gave too high a value to the former, a value 
moreover which exceeded the true value in approximately the same pro- 
portion as did the partial blood flow after tying exceed that before tying 
the branch. 

It became essential, then, to follow by direct measurement the effects 
which were produced on the blood flow through one arterial branch by 
tyimg the other. This we have done with the heart-lung double kidney 
preparation, the primary branches of one renal artery being separately 
perfused, and a stromuhr included in one of the arterial tubes. The contra- 
lateral kidney, the arterial supply to which also passed through a 
stromuhr, served as control. 

The results of four experiments made in this way agree in there being 
an increase in blood flow through one branch when the other is tied. 
The percentage increase has varied between 8 and 15 at perfusion pres- 


- sures ranging from 100 to 120 mm. Hg. Changes in perfusion pressure 


have then been imposed upon the whole and reduced kidneys and the 
consequent changes in blood and urine flow measured. In each of ten 
observations so made, the unit blood flow in the reduced kidney has 
been the more affected, the ratio between the increment or decrement of 
unit flow in the reduced kidney and that simultaneously measured in 
the whole kidney varying between 1-3 and 3-7. A ee unit 
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in the reduced kidney exhibits, therefore, a greater sensitivity in both 
its urine- and blood-flow responses to changes in perfusion pressure _ 
does a similar unit in the whole kidney. 
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The effect of insulin aglycemia upon the amino-acid utilization 
of the mammalian heart. (Preliminary communication.) By 
E. W. H. Ian MacDonatp and C. W. Startup. 


It has been shown that when the blood perfusing the isolated heart 


has been rendered sugar-free by insulin, the z.Q. drops quickly from 
unity to 0-7 [Cruickshank and Startup, 1933]. The question arises 
as to whether or not proteins are utilized during the shift from carbo- 
hydrate to fat metabolism. Krebs [1933] has shown that thin sections 
of tissue, such as kidney, liver, etc., when suspended in buffered physio- 
logical saline solutions to which amino-acids have been added, produce 
ammonia and that the optically non-naturally occurring amino-acids are 
much more active in this respect than are those which are normally 
utilized within the body, e.g. the ammonia production of the kidney 
tissue is 1:33 c.mm./mg./hr. with d-alanine 3-36 c.mm./mg./hr., with 
l-alanine 37-8 c.mm./mg./hr. Such an increase in ammonia is possibly 
due to a failure of restoration of adenosine phosphate in the damaged 
tissue. The work of Clark, Gaddie and Stewart [1931] would also 
indicate that the perfused frog’s heart is capable of utilizing amino-acids 
thereby producing ammonia and urea. 

Work carried out in this laboratory on the perfused heart-lung pre- 
paration, to which 5 units of insulin were given half hourly to produce 
a condition of aglycemia, has so far shown that there is no definite 
utilization of added amino-acids. This is indicated by the fact that there 
is little if any change in the amino-N, urea and ammonia of the blood. 
If amino-acids had been utilized under such experimental conditions, 
the nitrogen of the blood should be increased in the form of ammonia 
and/or urea, the amino-N content of the blood should fall and the r.q. 
should correspond with that for the amino-acid used. The results re- 
corded show that the actively beating dog’s heart, well supplied with 
oxygen, but lacking carbohydrate as a source of energy, does not benefit 
by the addition of the amino-acids mentioned here. This is in keeping 
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= with the statement by Gaddie and Stewart [1934] that the isolated 

2 ventricle of the frog when exhausted of carbohydrate is not revived by 

Le the addition of glycine or alanine to the perfusion fluid. Since there is 

_ no increase in the ammonia of the blood and no utilization of amino-N 

a it is possible that the normally active heart, using fat in the absence of 

* carbohydrate, is dependent on enzyme activity different from that asso- 

Po ciated with carbohydrate utilization and that the ammonia, if it be 

e produced, is utilized for resynthesis of adenosine phosphate. 

Taste I. 

B Blood Blood 

= Period 0; NH,N urea sugar 

30 min, mg. p.c mg. p.c g- p.c. 

A. Normal. 

land2 246-6 247-5 1-07 6-5 10-0 0-092 

Insulin. 

Ge 3 and 4 203-6 266-0 0-76 6-4 10-0 0-054 

6-3 10-0 0-000 

B. Insulin. 

= 1 173-0 169-6 1-10 6-3 10-4 0-098 | 
2 132-3 185-2 0-74 5-8 11-0 0-041 
Po 3 137-4 192-0 0-71 5:9 11-4 0-000 ite 
a 132-3 185-2 0-71 5-8 11-8 0-000 

6-5 11-8 0-000 
C. d-, l-Alanine, 
1 152-8 141-4 1-08 23-6 8-8 0-032 
2 105-8 132-3 0-81 21-7 7:9 0-010 i 
3 101-7 132-3 0°77 19-6 8-4 0-000 i 
4 91-6 132-3 0-70 19-0 8-8 0-000 i 
193 8-4 0-000 
D. d-, l-, a-Phenylalanine. 
1 187-2 180-0 0-99 11-9 13-1 0-030 | 
on 2 174-6 222-0 0-78 12-3 13-4 0-000 i 
3 167-7 238-0 0:70 125 12-7 0-000 i 
12-7 13-1 0-000 
1 162-0 1-03 11-8 14:3 0-081 
Fa 2 125°5 162-0 0°77 11-6 14-3 0-039 il 
. 3 117-0 166-5 0-70 11-4 14-6 0-000 4 
11-6 14:3 0-000 
F. J-Leucine. i 
108-0 106-3 1-06 14-6 10-25 0-076 
3 2 103-9 115-2 0-80 14-5 10-25 0-040 4 
3 72-3 106-3 0-68 141 9-78 0-010 q 
14-4 9-32 0-000 

REFERENCES. 


Clark, A. J., Gaddie, R. and Stewart, C. P. (1931). J. Physiol. 78, 443. 
Cruickshank, E. W. H. and Startup, C. W. (1933). bid. 80, 179. 
Gaddie, R. and Stewart, C. P. (1934). Ibid, 80, 457. 

Krebs, A. D. (1933). Z. physiol. Chem. 217, 191. 


b2 


§ 

¥ 

a 


i 
“4 
| 
] 
| 
4, 
3 4 
t 


20 P PROCEEDINGS OF THE PHYSIOLOGICAL 


_ ‘The balance of control through long spinal paths. 
By E. G. T. LippeEtt. 


A small lesion is placed unilaterally in the antero-lateral region of the 
spinal cord of cats, at the level of the last rib, under Nembutal anes- 
thesia and aseptically. After recovery, voluntary power is unimpaired, 
and, on the side of the lesion, the hind limb shows the usual diminution 
of postural activity. After some weeks, in the hind limb on the side of 
the lesion, possibly the sequel of a glial reaction spreading posteriorly, 
there begins a progressive increasing spasticity of all muscles, and in- 
creased resistance to passive flexion, e.g. to flex that limb a pressure of 
1-0 kg. must be applied to the pad, as against 0-1 kg. on the normal side. 
_ A magnet reaction may also be elicitable more readily on the operated 
side. Nembutal in submaximal doses reverses the picture, the limb on 
the side of the lesion becoming utterly flaccid, the normal limb showing 
the usual small degree of posture. On a subsequent occasion, after de- 
cerebration under ether at intercollicular level, the reversal is emphasized, 
the normal limb being extended in typical decerebrate rigidity, while 
on the operated side the limb is flaccid, with a pendular knee jerk. 

A lesion in the postero-lateral region of the cord produces spasticity 
within a week of the operation. 


The strength-duration curve in nerve for constant electrical 
response. By H. 


The strength-duration curve is usually determined by observations, ; 


not on the nerve itself but on the physiological effect produced by the 
impulse in the dependent organ. The use of such an indicator, involving 
transmission at the nerve ending, is rather uncertain, particularly if the 


threshold reaction is taken as the base. For this reason a constant (not. 


a minimal) electrical response of the nerve itself is a better indicator of 

a constant stimulus. In a recent paper Hill [1934] has shown that such 
a method can be employed during continual stimulation: the present 
work was carried out with single impulses. 

If a nerve is stimulated with single shocks of increasing strength or 
duration the relation between action potential and intensity (or duration) 
of shock is an S-shaped curve. The voltage (or time) corresponding to 
half the full height is measured without difficulty: it is sufficient to 
observe some points below and some above the middle and to interpolate. 

' By means of a sensitive moving-magnet galvanometer the ballistic 
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deflection of the action current can be read directly, the maximum de- 
flection for a frog’s sciatic stimulated by a single condenser discharge 
being about 30 mm. The “discharge time” of the condenser is deter- 
mined by its capacity and by the total resistance of the discharge circuit. 
A small parallel resistance (100 ohms) across the nerve and its non- 
polarizable (calomel) electrodes allows comparatively large capacities 
(e.g-0-01 x F) to be used for very short times (1 sec.) without interference 
by the small capacity of the wiring. The influence of the inductance was 
negligible. 

If voltage be plotted against discharge time, for constant excitation, 
on @ double logarithmic scale, a typical strength-duration curve is ob- 
tained. Below 10, sec. the quantity of electricity required for excitation 
becomes constant. The method is applicable to different types of nerve 
under various conditions. 
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The effect of azo-dyes on the coagulating enzymes of the blood. 
By A. St G. Hueeerr. 


The mechanism of the anticoagulant action of azo-dyes was investi- 
gated in vitro using the separated principles of the blood-clotting system, 
namely, fibrinogen and prothrombase precipitated at the iso-electric point 
and redissolved in alkaline saline [Mellanby, 1908], prothrombase sepa- 
rated from the above precipitate by solution in calcium bicarbonate, 
reprecipitated at pH 5-3 and redissolved in alkaline saline [Mellanby, 
1930]. Thrombokinase was obtained by making an aqueous extract of 
the testis of a bird. Thrombase was obtained by activating prothrombase 
solution. 

Thrombase was found to be inhibited by either chlorazol fast pink 
BKS or by chlorazol sky blue FFS, the coagulation time of fibrinogen 
by thrombase being prolonged from 45 sec. to 20 min. This action is not 
due to destruction of the enzyme by the dye, since incubation with the 
dye produces no progressive deterioration in its strength. 

Further, the action of thrombokinase (with calcium ions) in activating 
prothrombase to thrombase is inhibited by the addition of the dye; this 
was first shown by Huggett and Silman in 1932. This effect was con- 
firmed by the fact that the thrombase produced was found to be much 
less potent than when formed in absence of dye (as determined by the 
clotting time of fibrinogen). 
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None of these effects is due to destruction of the prothrombase, 
fibrinogen or thrombokinase as shown by previous incubation of these 
principles with the dye. Nor are they. due to pH changes since the reac- 
tion is unaltered. One must conclude therefore that azo-dyes alter the 


physico-chemical conditions necessary for the activity of the enzymes 


thrombase and thrombokinase, and so delay blood clotting. 
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Afferent impulses from the bladder of the frog. By G. Sreua. 


The experiments were performed on English frogs (Rana temp. and 
Rana esc.) and the impulses recorded by means of a Matthews’ oscillo- 
graph and a five-stage resistance capacity coupled amplifier. 


The pelvic nerve was cut at its origin from the lumbo-sacral plexus — 


and placed on the electrodes, after cutting the branches going to the 
When the bladder was empty, a persistent, irregular and rare dis- 
charge was observed which increased greatly when the organ was filled 
with saline and persisted at a high level for a long time if the filling was 
maintained 


By applying small weights (0-5-2 g.) to pull on small strips of the 


organ, cut longitudinally, and still in connection with the nerve, it was 
possible to obtain preparations in which only one or two fibres were 
active. The impulses thus studied appear to be of the fast type; they 
adapt very slowly, and the discharge bears a clear relationship to the 
load. 

The maximum frequency so far, obtained on loading moderately 
quickly, from a single fibre, is of the order of 70 impulses per sec. Sudden 
partial release of the tension on the strip of bladder caused a temporary 
silence followed by a less frequent discharge. ; 

The sensory endings behave therefore in a way similar to that of 
muscle spindles and of tension receptors in general. 

According to Langley and Orbeli [1911] the visceromotor fibres 
to the bladder, reaching the organ along the pelvic nerve, originate from 
the spinal nerves from 6th to 10th and travel partly directly (9th nerve) 
and partly passing first into the sympathetic chain. It was thought 
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possible that also the impulses carrying information of the degree of . 


distension of the organ might travel along the same paths. But from 
the experiments so far performed no such impulses can, be traced in any 
of the lower rami communicantes, and the impulses seem to travel ex- 
clusively in the 9th spinal nerve. ee 


REFERENCE. 
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Impulses in the carotid sinus nerve. 
By T. Y. Bogus and G. Srenua. 


Afferent impulses in the nerve of Hering, coming from the carotid 
sinus, and elicited by pressure, have been described in the rabbit by 
Bronk and Stella [1932]. It was then found that in some preparations 
some end organs were relatively insensitive to pressure and continue to 
discharge throughout the heart cycle. It was impossible, however, to 
decide whether the latter discharge was due to a different type of end 
organs, since the impulses were not distinguishable from the others and, 
moreover, they would suddenly cease, and apparently discharge syn- 
chronously with the heart beat like the ordinary pressure receptors. 

_ More recently Heymans and Rijlant [1933] have studied the 
afferent impulses in the whole nerve (in Bronk and Stella’s experiments 
the nerve was prepared so as to have as few fibres active as possible), 
and they have observed again the appearance of impulses in no relation 
with the endosinual pressure, but rather dependent on whether the 
animal’s ventilation was good or poor, in which latter case the discharge 
was great. They concluded that these impulses came not from pressure 
receptors, but from chemical receptors. In the present experiments per- 
formed on chloralosed cats, using Matthews’ oscillograph and a resist- 
ance capacity coupled amplifier, the appearance of impulses not dependent 
on pressure has been confirmed. They were very rare in over-ventilated 
cats, and they gradually increased as the respiration was diminished. 
They appeared in large numbers when nitrogen was given to inhale. If 
previously all the efferent vessels from the carotid sinus were tied, 
clamping of the common carotid was also very effective in bringing them 


about. Again, they were observed when a well-ventilated cat was sud- 


denly killed by cutting its heart. They would then increase little by little, 
reach their maximum in a few minutes and would still be going on fully 
after half an hour. 
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In some preparations the pressure receptors were cut down so that 
only one or two fibres were seen active even at the highest blood-pressure 
provoked by adrenaline, but in which a slight asphyxia would cause a 
large discharge from many more fibres. 

But that the two discharges are originating in separate end organs is 
further supported by the fact that the impulses are different in the two 
cases, those appearing on asphyxia being smaller and conducted at a 
slower rate than those coming with pressure, so that in a record with 
few fibres active it is usually possible to pick up the impulses from 
chemical receptors from among the others. 3 
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The effect of salts upon the anticoagulant action of azo dyes 
in vivo. By A. St G. Huecert and F. M. Rowe. 


In 1933 Huggett and Rowe showed that a number of azo dyes 
inhibit blood clotting, notably chlorazol sky blue FFS and chlorazol fast 
pink BKS, The action depended upon the degree of purification. There 
was a definite difference between the efficiency of different purified 
samples. The chief impurities present in the original dyes as used by 
the dyer are inorganic salts added by the manufacturer in salting out 
the dye. It therefore became of interest to determine the effect of saline 
on the anticoagulant action in vivo. . | 

A standard dose of the dye (both the blue and the pink dyes were 
tested) was injected into a rabbit and the clotting times for the blood 
were determined at regular intervals after the injection. Corresponding 
experiments were made, using the same weight of dye but adding 10, 20, 
30 and 40 p.c. of its weight of sodium chloride, and determining the 
coagulation times as before. 

These experiments were repeated with sodium sulphate instead of 
sodium chloride. Table I shows the results obtained for chlorazol sky 
blue FFS. Similar results were obtained for chlorazol fast pink BKS, 
except that the limiting amount of chloride is much higher (being of 
the order of 40 p.c.). 

The action is not a molar effect, as can be seen by comparing sodium 
chloride and sodium sulphate, the latter being depressant in almost all 
concentrations. Further, it is not due to the sodium chloride concentra- 
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tion of the blood being raised, since this is only elevated by approxi- 
mately 0-05 p.c. with this dose of sodium chloride. The depressant action 
with 33 p.c. sodium chloride and with sodium sulphate can be regarded 
as due to the dye being salted out by these concentrations. This occurs 
much more easily with the sulphate than with the chloride. 


Taste I. Coagulation times of blood drawn at varying intervals after the injection of 
160 mg. per kg. of chlorazol sky blue FFS mixed with varying quantities of inorganic 
salt. 

Bleeding 

time in Quantities of salt added to 160 mg./kg. of dye 

after E 10 p.c. 20 p.c. 33 p.c. 10 p.c. 20 p.c. 
injection Salt-free NaCl NaCl NaCl NaS 
ofthedye puredye 0027M 0-054M  0-09M 001M 

l 15 hr. 

3 } } 10 min. 

5 2 hr 5 br. 2-5 br 90 min. 

7 40 min. 100 min. 90 min. 1 — 

14 10 ” 3 hr. 


These results explain why the chloride effect requires a greater con- 
centration to depress with chlorazol fast pink BKS than with chlorazol 
sky blue FFS, since chlorazol fast pink BKS is much more soluble than 
the blue dye. 

This phenomenon explains also why a sample of chicago blue 6B 
was found to be more effective than pure salt-free chlorazol sky blue 
FFS. On analysis it was found to contain inorganic material to the 
extent of 22 p.c., of which halides expressed as sodium chloride formed 
1-66 p.c. The two dyes have the same formula and constitution, though 
made by different firms and purified by different people. _ 3 
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Inhibition in the superior cervical ganglion. By J. C. Eccizs. 


A preganglionic volley sets up in the ganglion a complex action 
potential consisting of a compound “spike” followed by a slow negative 
and then by a slow positive wave [Eccles, 1934]. Under certain con- 
ditions the “‘spike” is decreased by a preceding preganglionic volley 
even at intervals as long as 0-5 sec., and the synaptic delay is lengthened. 
This is observed both with the ganglionic and postganglionic action 
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potentials, hence it may be concluded that a discharge has been set up 
from fewer ganglion cells, i.e. a depression of excitability has been pro- 
duced by the preceding volley. This depression does not occur in the 
preganglionic pathway, for a preganglionic volley set up in one branch 
of the ansa subclavia depresses the ganglionic discharge produced by a 
volley set up in the other branch. Moreover, it is not due to a refractory 
period of the ganglion cells following the discharge set up by the first 
volley, for the depression does not develop until recovery from the re- 


fractory period is complete or nearly so. The depression must be due 


to an inhibitory process similar to that described for spinal reflexes and 
called the central inhibitory state, C.1.s. 

The inhibitory effect is mainly exerted on those ganglion cells whose 
discharge is responsible for the second part of the compound “spike”’ 
action potential, the ganglion cells of the low threshold first “spike” 
being inhibited to a very small extent or not at all. The discharge pro- 
duced by a submaximal preganglionic volley suffers a much greater 
inhibition than that produced by a maximal volley, presumably on 
account of the greater overlapping excitatory effect which the maximal 
volley produces on the inhibited ganglion cells. For these reasons the 
inhibition was not detected in the earlier experiments [Eccles, 1934]. 

The time course of the inhibitory effect produced by a preganglionic 
volley has been determined by testing with a second volley at various 
intervals later. Inhibition is first detectable at about 20c, but its start 
may be indeterminate on account of the overlapping either of the rela- 
tively refractory period or of facilitation. It rapidly increases to a 
maximum at about 1500, and completely passes off at about 500c, its 
time course corresponding closely with that of the slow positive wave 
of the ganglionic action potential. : 

By varying the strength of the preganglionic stimulus the threshold 
of the inhibitory fibres is ascertained. It is found to be similar to that 
of the fibres responsible for producing the slow positive wave. Painting 
the ganglion with dilute nicotine (0-005 p.c.) abolishes both the inhibition 
and the slow positive wave, while leaving the direct transmission of 
impulses unaltered. Intravenous injection of eserine (0-75 mg.) is without 
effect on the time courses both of the inhibition and of the slow positive 
wave. 

Summation of inhibition and the effect of excitation on inhibition 
have been investigated by introducing a second preganglionic volley 
between the first (inhibiting) volley and the third (testing) volley. The 


inhibitory effect of the first on the third is decreased when the second 
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volley precedes the third by an interval which is shorter than about 150c, 
and control experiments show that this diminution of the inhibition 
occurs at intervals too long for it to be explained as a facilitation of the 
third by the second volley. The second volley must increase the exci- 
tatory effect of the third by diminishing the inhibitory effect of the first, 
1.6. the 0..8. of the second inactivates some of the 0.1.8. produced by 
the first. Parallel with this inactivation of 0.1.8. is the effect of the 
second volley in abruptly terminating the slow positive wave set up by 
the first. Conversely, if the second volley be set up at a longer interval 
before the third volley, its inhibitory effect sums with the inhibitory 
effect of the first volley, and parallel with this enhancement of inhibitory 
effect there is an increased positive wave. 

Thus in all respects the slow positive wave and the c.1.s. have been 
closely related, so it appears likely that the slow positive wave is the 
potential sign of c.1.s. [ef. Gasser and Graham, 1933], a conclusion 
which falls into line with the previous suggestion that the slow negative 
wave is the potential sign of c.z.s. [Eccles, 1934]. 

In view of these results the superior cervical ganglion must be re- 
garded as a coordinating centre as well as a transmitting and distributing 
station. It may also be remarked that the time course of 0.1.8. for the 
spinal flexor reflex [Eccles and Sherrington, 1931] is very similar to 
that in the ganglion. . : 
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Intrarenal pressure, and its variations due to cooling and 
“reducing”? the isolated kidney of the dog. By F. R. Winton. 


The suggestion [Winton, 1933] that a reduction of intrarenal pressure 
may account for the polyuria of the kidney “reduced”’ by ligation of 
one branch of the renal artery has been submitted to experiment. For 
reasons there given, the intrarenal pressure may be estimated by the 
height to which the ureter pressure must be raised before it produces an 
appreciable reduction of urine flow. The figures given below show that 
the intrarenal pressure is, in fact, smaller in the reduced than in the 
whole kidney. 

But if the polyuria were solely due to this decrease in intrarenal 
pressure, the hypothetical urine flow of the whole kidney, at the lower 
intrarenal pressure equal to that in the reduced kidney, should be about 
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double the actual urine flow in the reduced kidney, in which about one- 
half the renal substance remains active. This hypothetical flow can be 
derived approximately from the urine flow-ureter pressure curve owing 


to the circumstance that, for values exceeding the intrarenal pressure, — 


the curve is usually practically linear. As shown below, this hypothetical 
urine flow is much less than double the flow in the reduced organ. It 
follows either that the change in intrarenal pressure is not by itself 
enough to account for the polyuria of the reduced kidney, or that the 
- method employed underestimates the change. In the latter event the 
intrarenal pressure exerts an even more predominant control over the 
urine flow than indications from this method suggest. 

Observations on the cold kidney have confirmed the suggestion 
[Bickford and Winton, 1933] that the intrarenal pressure is raised in 
this condition. 

Even in the cold kidney, ligature of a primary branch of the renal 
artery produces in the surviving half-kidney an increase of urine flow, 
which is of the same order though rather less than the corresponding 
increase at body temperature. In the cold, reduction of the renal sub- 
stance is likewise accompanied by a decrease in intrarenal pressure, but 
the decrease is again insufficient by itself to account for the whole of 
the polyuria. 

If the glomerular pressures in the iehiils and reduced kidneys were 
the same, one might suppose that the maximum ureter pressures would 
also be the same. In fact, at body temperature the maximum ureter 
pressure in the reduced kidney is usually greater or less than that in the 
whole kidney according as the absolute urine flow is greater or less, 
consequently the pressure is usually greater in the reduced than in the 
whole organ. Cooling the kidney results in a marked rise of maximum 
ureter pressure; this, by contrast with the warm kidney, is always less 
in the reduced than in the whole organ. These observations constitute 
a further criticism [Winton, 1931] of the simple relation which has 
been supposed to obtain between the glomerular pressure and the 
maximum ureter pressure. 

By a procedure analogous to that outlined above, it can be deduced 
from the urine flow-ureter pressure curves obtained before and after 
cooling a kidney that the rise of intrarenal pressure on cooling is insuffi- 
cient by itself to account for the reduction of the rate of creatinine 
_ output, unless the concept of intrarenal pressure implied by the method 

of measuring it is an over-simplification. Other factors likely to con- 
tribute to the reduction in output have already been put forward. 
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The rate of change of urine flow with ureter pressure, for values 
exceeding the intrarenal pressure, is not very different in whole and 
reduced kidneys, hence the change of flow per unit of renal substance 
with pressure is greater in the reduced than in the whole — This 
obtains both in warm and cold kidneys. 

In the following table the means of observations obtained in experi- 
ments on five double-pump-lung-double-kidney preparations are given 


to illustrate the foregoing conclusions. Arterial pressure 128 mm. Hg. 


Temperature ... +s 37° C, 9° C. 

State of kidney Whole Reduced | Whole Reduced 
Intrarenal pressure (mm. 13 9 26 13 
Maximum ureter ie. Hg) 31 40 70 57 
Urine flow (c.c. per 10 mit min.) 46 | 70 . 8-6 9-3 
Decrease of urine flow per 10 mm. 2°5 2-3 1-9 2-1 
Hip reduced” @ 1. 141 

urine flow at “ — . as 
intrarenal pressure 
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